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With the increasing impacts of global change, depletion of natural resources and increased 
degradation of the world’s environment, there is a need for more sustainable development. One 
such innovation is to convert degraded land into viable bamboo plantations, which will provide 
timber and fuel to achieve sustainable development. Also, with their very fast growth rate, high 
productivity and tensile strength, bamboo has the potential to reduce the deforestation of South 
Africa’s natural forests. However, the bamboo species that have the most potential to solve 
South Africa’s fuelwood crisis are not indigenous and the water-use is not well understood 
under South African climatic conditions. Therefore, this study was conducted to quantify 
water-use of two commercial bamboo species namely Bambusa balcooa var. balcooa and 
Bambusa balcooa var. beema in KwaZulu-Natal with the water-use of nearby Eucalyptus 
grandis and Acacia mearnsii plantations also quantified for comparison. Two different sap flow 
measuring sensors were used to quantify the water-use of bamboo to determine their impact on 
water resources: (i) the heat ratio method (HRM), which quantifies sap flow with respect to its 
depth into the sap wood and (ii) the stem steady state (SSS) sensor that involves the application 
of continuous heat energy all around a section of the stem through dynamax collars, which are 
used to quantify the total sap passing through a fixed area on a stem. The daily water-use in the 
beema, balcooa, eucalyptus and wattle plantation was 2.0 - 3.2 mm day-1, 3.8 - 6.0 mm day-1, 
~ 8.0 mm and ~ 5.0 mm day-1 in summer (the wet season) where as 1.0 - 1.6 mm day-1, 2.0 - 
2.8 mm day-1, ~ 4.0 mm day-1 and > 3.0 mm day-1 was recorded in winter (the dry season). 
These data demonstrated low water-use of bamboo species when compared to eucalyptus and 
wattle plantations. While the hydrological modelling of bamboo as a stream flow reduction 
activity (SFRA) was beyond the scope of the current study, the determination of the 
transpiration coefficient (Kcb) values was a critical component of this process. Therefore, the 
estimated Kcb in the Beema plantation was ~ 0.35 in dry winter and ~ 0.53 in the wet summer. 
Estimated Kcb in the balcooa culms were 0.51 in winter and ~ 0.9 in summer when transpiration 
was not limited by moisture and energy. Unlike bamboo, higher winter Kcb values ~ 0.75 were 
measured in winter in the Eucalyptus plantation when ~ 1.0 was measured in summer. The Kcb 
in wattle trees was > 0.7 in winter but < 1.2 in the wet summer months. These data indicated 
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With the increasing impacts of global climate change, depletion of natural resources and 
increased degradation of the world’s environment there is a need for more sustainable 
development. Sustainable development and growth can be achieved by improved management 
of ecosystems (McCartney et al., 2014) and more strategic use of water, land and other natural 
resources such as trees. In South Africa, the traditional use of energy sources in the form of 
fuelwood has resulted in substantial negative environmental impacts. Removal of trees for 
timber and energy has caused degradation of large parts of South Africa, resulting in poor water 
infiltration, severe soil erosion and loss of biodiversity. Biomass, particularly firewood, is the 
most widely used fuel in many rural areas of South Africa. However, timber is not readily 
available anymore due to heavy harvesting. This has resulted in the degradation of large areas 
causing environmental problems as well as social concerns, with poor households being unable 
to afford the purchase of timber from outside sources. If sustainable development is to be 
achieved, it will be necessary to seek alternative options and technological innovations to 
improve the efficiency of timber harvesting as well as finding solutions to economic and 
environmental problems associated with timber shortage.    
One such innovation is to convert degraded land into viable bamboo plantations, which will 
provide timber and fuel to achieve sustainable development. The sustainability of bamboo is 
related to its fast growth rate and vegetative growth pattern, which produce shoots (tillers) that 
mature into stems (culms). The function of these culms is to conduct water and nutrients from 
the soil to the leaves.  
The culms are characterized by extended woody internodes with intermittent, thickened nodes 
which gives the bamboo its high tensile strength. If managed correctly, multiple culms are 
produced annually, which grow into clumps that reach maturity within six to seven years of 
planting. When harvesting takes place, not all the culms are removed. Generally, a selection of 
5-6 culms from each plant is harvested each year. This ensures that the harvesting is sustainable 
as the remaining culms will continue to produce new shoots in subsequent years, a process that 
continues for many years.   
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With this very fast growth rate, high productivity and tensile strength, bamboo has the potential 
to reduce the deforestation of South Africa’s natural forests. However, the bamboo species that 
have the most potential to solve South Africa’s fuelwood crisis are not indigenous. 
Nevertheless, it must be acknowledged that some alien plants are potentially important 
contributors to the economy with a place for them in agricultural systems. Bamboo plantations 
in South Africa have the potential to create employment, provide viable economic and resource 
outputs and contribute to poverty alleviation and carbon sequestration. However, in spite of 
growing public and private investment, little is known about the opportunities, challenges and 
impacts of commercial bamboo growing in Africa (Scheba et al., 2018). 
1.1 Justification 
The Government, through the Departments of Trade and Industry (DTI) and Agriculture 
Forestry and Fisheries (DAFF), is promoting the planting of bamboo species as part of rural 
agricultural development. According to the Bamboo Association of South Africa, about 40 000 
ha are earmarked for bamboo plantations in both KwaZulu-Natal (KZN) and the Eastern Cape 
(EC). However, the water-use of this crop is not well understood under the South African 
climatic conditions. Therefore, the amount of transpiration by the relevant species of bamboo 
need to be quantified in South Africa to provide a scientific basis to decide on the status of this 
crop as a streamflow reduction activity (SFRA).    
Knowledge of the water-use of bamboo species is also important for its water management to 
obtain optimum yields. Knowledge must be obtained of the total and seasonal water-use to 
enable the judicious expansion of the bamboo industry. This is an important requirement to 
justify or substantiate applications for water-use licences, for production to be undertaken 
within official water-use authorisations.  
Knowledge of the water-use is also required to motivate a periodic review of water-use licences 
for the long-term production of bamboo. Understanding the effect of changing land-use on 
water requires knowledge of the natural 'baseline' vegetation. In order to compare the water-
use of bamboo with other species, this study also monitored the water-use of Eucalyptus 
grandis trees (eucalyptus), Acacia mearnsii (wattle), and natural grassland.  
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1.2 Aim and objectives 
The aims, objectives and the hypothesis of this research study are as follows:  
1.2.1 Aim  
To quantify the water-use of two commercial bamboo species namely Bambusa balcooa 
var. balcooa and Bambusa balcooa var. beema in KwaZulu-Natal to determine their 
impact on water resources.  
Objectives  
i. To determine the water-use of selected bamboo species using heat ratio method (HRM) 
and stem steady state (SSS) techniques.  
ii. To determine the structure and distribution of vascular tissues within the stems of two 
selected bamboo species to quantify the sap wood area within the culm. 
iii. To carry out a comparative study of the water-use of wattle, eucalyptus and bamboo. 
1.2.2 Research hypothesis  






2. LITERATURE REVIEW: THE WATER-USE OF BAMBOO AND 
SPECIES DISTRIBUTION IN SOUTH AFRICA 
2.1 Historical background of bamboo species  
Bamboo, a perennial monocotyledonous woody grass species (Awalluddin et al., 2017) was 
historically known as a poor man’s timber and a traditional plant species. However, in recent 
times it has been regarded as a wonder “green gold” plant due to its numerous uses and is of 
growing interest to the scientific community (Laplace et al., 2017). Bamboo is a Poaceae 
(Bambusoideae) family grass species and constitutes about 88 genera and 1500 identified 
species in the world (Awalluddin et al., 2017). Awalluddin et al. (2017) also indicated that 
more than 70 genera grow naturally in the temperate, tropical and subtropical regions (Figure 
2.1). This was also supported by Tsuruta et al. (2016), although other scientific works have 
indicated that the identified species have reached 1662 in 121 genera (Canavan et al., 2017).  
Bamboo is native to Asia growing predominant in south and south east Asia and  comprising 
about 80% of different bamboo species in the world with Brazil and Australia (Figure 2.2). 
Ying et al. (2016) showed an expansion of 161 % of bamboo plantation between 1984 to 2014 
in Tianmushan, Zhejiang Province and China. However, the study has also indicated a 20% 
decline in recent years due to human activities such as deforestation (Ying et al., 2016). The 
value of bamboo is in its multiple uses. Bamboo’s main use is as a construction material. 
Awalluddin et al. (2017) indicated that hardened culms of Bambusa vulgaris, Gigantochloa 
scortechinii and Dendrocalamus asper have higher tensile and compressive strength than most 
timber.  
The tensile strength of different bamboo species in relation to their usefulness as a construction 
material is shown in Table 2.1. They are a good substitute for steel and timber, as the plants 
are more economical and environmentally friendly, and unlike the manufacture of steel, do not 







Figure  2.1 Bamboo species within genera and species status (Canavan et al., 2017). 
23 
 
The fresh shoots of bamboo are also a good source of nutritious food and are consumed fresh, 
canned, pickled, cooked or fermented with potential growth in the food processing industry 
where it is produced on a commercial scale (Amlani et al., 2017). Bamboo culms have been 
used for paper manufacturing (Amlani et al., 2017). The bamboo industry that produces paper 
has been in existence for over 2000 years showing that the species is reliable for paper 
production (Shroti et al., 2012). Bamboo can also serve as an energy source in Africa 
substituting for use of fossil fuels that cause air pollution, deforestation, and depletion of ozone 
because it provides clean energy, and viable and sustainable wood fuel (Sette Jr et al., 2016). 
Bamboo species are extremely high in lignin content > 29% and therefore desirable for solid 
biofuel production globally (Chin et al., 2013). The switch from fossil fuel to bamboo fuel was 
caused by a drastic reduction in the availability of fossil fuels and the environmental protection 
act that required an alternative to fossil fuel due to extensive land degradation that affected 
biodiversity (Fatriasari et al., 2014). Also, the study by Bebbington et al. (2018) showed that 
there is indeed an extreme reduction in total forest areas in the world with regards to human 
intervention through deforestation and land degradation. However, because of bamboo’s 
sustainable characteristics and its fast growth, bamboo plantations had less effect on destroying 
land and that bamboo forests have been increasing compared with the decrease in coniferous 
forests (Xu et al., 2020). Currently, bamboo production is expanding tremendously and new 
food products such as bamboo juice, bamboo vinegar and also clothing items made through 
fibre extracted from the culms as well as bamboo coal are being derived from various bamboo 















Bamboo species comprise various different growth forms including giant woody species and 
understory herbaceous species (Canavan et al., 2017; Mulkey, 1986). Bamboo species grow 
and spread in their habitat through two different growth forms, either sympodial growth 
popularly known as clumping (Figure 2.3) or monopodial growth also known as runner bamboo 
rhizome structures (Figure 2.4).  
Floral structures are only visible once in a 30-50-year period because bamboo only flowers 
once in its lifetime at which time seeds may or may not develop. This then encourages 
vegetative propagation. The flowers are subdivided into two categories namely 
Dendrocalamus-type known as the closed structure and Bambusa-type known as open floral 
structure, although these characteristics may also be species dependent (Das et al., 2017). 
Herbaceous bamboo species are generally temperate species and thrive in regions where there 
is less sunlight or cool air temperatures (Canavan et al., 2017). By contrast, the giant woody 
species (e.g. Pharus latifolius) that prefers exposure to sunlight are predominant in tropical and 
subtropical regions where they can optimize their photosynthetic ability due to high radiation 
levels in low altitude regions (Mulkey, 1986). 
 
Figure  2.3 A rhizome anatomical structure of sympodial bamboo species 




Figure  2.4 A rhizome anatomical structure of monopodial bamboo species 
(Botanicals, 2019). 
Species that grow through monopodial rhizomes are very invasive and tend to be a great threat 
to the hydrological cycle in a forest (Viana and Filgueiras, 2014). Depending on sufficient 
resources like sunlight, nutrients, and adequate water, some bamboo plants have a fast growth 
rate and can reach a height of 30 m within four months (Awalluddin et al., 2017).  
This fast growth rate and the highly developed rhizomes beneath the soil surface can result in 
the development of numerous culms and shoots that forms dense stands and tends to overcrowd 
(Xu et al., 2020) and compete with other species within the forest habit for water, sunlight and 
nutrients. Depending on the type of species and rhizome structure, running bamboo 
(leptomorph) are invasive, aggressive and they form long thread rhizomes that extend to water 
sources unlike the non-invasive clumping bamboo (pachymorph) which forms thick and dense 
rhizomes fixed within the cultivated area (Guanglu, 1988). 
According to reports, poor management of bamboo plantations has resulted in large impacts on 
the water resources in many countries. Some reports indicated that bamboo plantations were 
even abandoned in the early centuries because there was little knowledge concerning 




However, subsequent research studies and the increase in bamboo production have shown that 
the previously abandoned plantations are now properly managed and rural communities are 
benefiting from the productive bamboo plantations. However, more information is needed on 
the water-use of bamboo. Bamboo fresh shoots are largely constituted of water which indicates 
the importance of understanding the relationship between bamboo growth and development 
with water uptake, especially in the early growth stages.   
This relationship is important in understanding its impact on stream flow reduction and the 
effect of species on the hydrological cycle.  This review aims to describe the characteristics of 
the different bamboo species in the world, especially those that are cultivated in South Africa 
on a commercial scale and highlight how these species may affect the local hydrological cycle 
in comparison to other commercially grown forest species. Understanding this relationship will 
assist in decision making, on whether expanding bamboo plantations on a commercial basis 
will be ideal with regards to the limited water in the country.  
Table 2.1 Comparison of culm area (mm2) and tensile strength (N mm-2) of 








Top Middle Bottom Top Middle Bottom
Dendrocalamus asper 89.47 98.09 112.96 232.80 200.75 232.31
Bambusa vulgaris 57.31 61.29 67.20 231.67 233.98 230.63
Gigangochloa scortechinii 49.30 48.50 53.04 187.67 144.92 176.22
Schizostachyum grande 48.21 49.18 49.50 149.20 114.93 113.01
Average culm area (mm
2





2.2 Commercial monopodial bamboo species  
Monopodial plants are typically bamboo species characterised by thin rhizomes. These species 
spread by means of rhizomes under the soil surface to long distances particularly towards moist 
environments and streams to access large quantities of fresh water and therefore causing a 
negative impact on water resources. Also, these are known for competing with neighbouring 
species for sunlight and soil nutrients.  
2.2.1 Subtropical and tropical bamboo species  
The following selected bamboo species are typical grown in South Africa and thrive in the 
warmer temperature average around 18 oC annually.  
2.2.1.1 Canebrake (Arundinaria gigantea) 
River cane or canebrake, scientifically known as Arundinaria gigantae (Walter) Muhl., is 
among the most accredited eastern North American bamboo species. It is one of the three native 
temperate bamboo species of North America that grows along the stream banks in moist clayey 
soils types and in forest edges where soils are water saturated (Krayesky and Chmielewski, 
2014; Neal et al., 2012). 
Canebrake serves as a habitat for various wildlife species especially threatened species (e.g. 
arthropods, birds and mammals). The populations of these species are drastically declining 
because of river channelization, agricultural practices and land degradation (Brantley and Platt, 
2001; Dattilo and Rhoades, 2005). Cirtain (2004) reported that many of the canebrake species 
are already extinct because of human impact on the environment. This is supported by various 
studies which have shown that this species extinction has subsequently affected the biodiversity 
in these areas Neal et al. (2012). Other studies have indicated that since the 18th century about 
a 98% reduction has been observed in canebrake species in North America and this has to be 
fixed according to Brantley and Platt (2001). Therefore, many studies have been initiated to 
investigate how the remaining species can be preserved and produced in large quantities to 
counteract the decline of threatened species because of habitat loss (Cirtain, 2004). 
Canebrake species, like other bamboo species, are semelparous (i.e. characterized by a single 
reproductive episode before death), only flowering once in a lifetime. Longevities of 20 to 100 
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years before the development of floral structures makes it difficult to propagate the species 
through seeds.  
Therefore, studies have been initiated to investigate alternative methods of propagation. 
Scientific research has shown that an alternative to seed propagation is to cultivate canebrake 
species by means of rhizome cuttings and culm cuttings (Krayesky and Chmielewski, 2014).  
Nevertheless, this has proven to have limitations due to the poor establishment of vegetative 
shoots especially after transplanting from the nursery (Cirtain, 2004). Canebrake establishment 
has the potential to improve the water quality in catchment areas and to control soil erosion 
caused by excess runoff which erodes topsoil containing organic matter, chemicals and foreign 
substances (Cirtain et al., 2009). 
Through soil stability and stream bank stabilization, the species is said to be of high importance 
for improving water quality (Neal et al., 2012). Therefore, the reduction in canebrake 
distribution not only affects biodiversity but also compromises water quality and quantity.   
2.2.2 Temperate bamboo species  
The following species are typical bamboo species that thrive in cold temperature conditions 
especially areas with annual temperature ranges from -3 oC to 18 oC: 
2.2.2.1 Moso bamboo (Phyllostachys edulis) 
The rate of burning of fossil fuels in the production of various industrial products has increased 
significantly over the past two decades, primarily influenced by market demand and creating 
millions of jobs in the world. Nevertheless, depositing and burning fossil fuels contributes to 
various toxic gases in the atmosphere such as carbon dioxide, methane, and nitrous oxide. 
These gases trap heat from escaping the earth surface resulting in global warming and rises in 
atmospheric temperatures (Seethalakshmi et al., 2009). Extreme temperatures have many 
consequence including  coral bleaching in the sea due to a rising of sea level, and may also 
cause a reduction in freshwater and subsequently health complications (Lowe et al., 2016), loss 




Associated with burning fossil fuels is the high rate of deforestation and land degradation that 
also contributes to the extreme gas concentrations in the atmosphere. Therefore, these effects 
have led to research studies on reducing the levels of these toxic gases to the atmosphere by 
substituting fossil fuels for renewable and sustainable plant species that are environmentally 
friendly and capture high amounts of carbon dioxide. Bamboo is a good and reliable source of 
energy (e.g. Moso bamboo) that can be processed either thermally or biochemically to produce 
various products such as biofuel, charcoal and syngas (Truong and Le, 2014). Due to low 
moisture content (< 23%), alkali index, ash content and its higher heat value (HHV) than any 
other agricultural residue, fuel and energy characteristics of bamboo were relatively desirable 
than other sources currently used (Truong and Le, 2014). 
Moso bamboo, which is scientifically known as Phyllostachys edulis is a useful bamboo 
species utilized for energy which is characterized by its ability to fix high carbon dioxide 
concentrations from the atmosphere (Chen et al., 2018). The species grows very fast and serves 
as a good source of nutritious food.  
Moso bamboo is a temperate woody bamboo species native to East Asia but has been 
domesticated in the subtropical and tropical regions of China as early as 1700 to be cultivated 
commercially (Shinohara et al., 2013). Currently, it has occupied over 73.8% of China’s forest 
area (Chen et al., 2018), and about 10% of India’s forest area (Shinohara et al., 2013). Moso 
bamboo has been intensively used for construction purposes and for food production. 
Nevertheless, many industries have used the plant to manufacture paper and pulp.  
In addition, the species is a good source of charcoal replacing coal whose mining causes severe 
land degradation and water pollution through acid mine drainage (Onozawa et al., 2009). 
Therefore, these characteristics make Moso bamboo a high economic value plant.  However, 
its extensive use has led to concern over its impact on water resources. Research studies have 
therefore been conducted to investigate the water use of Moso bamboo species at different 
growth stages in order to evaluate its hydrological effect. A research study by Komatsu et al. 
(2010), indicated that these bamboo plants consume large amounts of water for growth and 
development when they were being compared to neighbouring coniferous plantations. In the 
latter study, it was found that the species exceeds coniferous water use by 12%.  
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By contrast, Shinohara et al. (2013), and Onozawa et al. (2009) reported a lower water 
consumption (10%) than the coniferous plantation and concluded their study by promoting the 
commercial production of Moso bamboo. 
2.3 Commercial sympodial bamboo species  
2.3.1 Subtropical and tropical bamboo species  
2.3.1.1 Giant thorny (Bambusa bambos) 
Giant thorny bamboo (Figure 2.5), also referred to as Bambusa bambos (L.) Voss, is a south 
east Asian bamboo, with a clumping growth habit, which grows in the tropical regions of Asia. 
The species is widely cultivated throughout the Western Ghats Mountains of India because of 
its good mechanical properties and environmental impact on increasing carbon dioxide fixation 
and bee collection (Koshy et al., 2001). Figure 2.6 illustrates the distribution of giant thorny 
bamboo throughout India and Asia showing a high population of the species in Asia, especially 
around Myanmar, Cambodia, and Thailand.   
Giant thorny bamboo has high levels of silica which can be extracted and used to manufacture 
medicinal products that cure osteoarthritis. The species is also highly recommended for 
construction, making it an economically valued plant in the rural areas of Kerala in India 
(Kumar et al., 2006), especially because of its intensive potential for high biomass 
accumulation (Gupta and Kumar, 2008). Also, studies have indicated that giant thorny bamboo 
has a high ability to withstand salt concentrated environments and salty water (Pulavarty and 
Sarangi, 2018), making it a useful plant in salt concentrated environments where other plant 
species can’t grow. Studies on the impact of commercial cultivation of this species are few. 
Research concerning the ecological importance and industrial use of the species for various 
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2.3.2 Temperate bamboo species  
2.3.2.1 Hardy bamboo (Fragesia rufa) 
The evergreen sympodial bamboo species known as hardy bamboo (Fragesia rufa Yi.) is a 
temperate bamboo that is native to China. The species grows as an understory in the coniferous 
forests of China and is shade tolerant and also withstands low temperatures (Liu et al., 2017).  
Hardy bamboo is a dwarf structured bamboo species that has a shallow root system (Plate 2.1) 
making the species mostly dependent on saturated soil conditions (Liu et al., 2015). The species 
normally grows along the streams under coniferous plantations to access water easily. A study by 
Liu et al. (2017) indicated that hardy bamboo cannot withstand dry environments with low rainfall 
and where their roots cannot access water easily. This has negative consequences in unfavourable 
growing conditions which cause early flowering, leaf abscission and premature death.   
Fragesia rufa serves as the main source of nutritious food for forest pandas. Therefore, 
temperature increases, river channelization, and urbanization which adversely affect water 
availability are having a negative effect on forest panda populations because of food scarcity. 
Therefore, transplanting has been implemented as a means to prevent the extinction of hardy 
bamboo and also to conserve panda species (Liu et al., 2015). 
 




2.4 Commercially grown bamboo species in South Africa 
The following species are commercially grown in South Africa for industrial purposes and in 
large areas both in KwaZulu-Natal and the Eastern Cape:  
2.4.1 Balcooa (Bambusa balcooa) 
Bambusa balcooa Roxb. (Bambusoideae) is a tropical clumping species that is indigenous to India 
(Ray and Ali, 2016). It is an economic investment plant due to multiple uses in industry, for paper 
and pulp production (Sharma and Sarma), and can be processed to produce biofuel, syngas and 
charcoal (Le, 2014). Recently, in South Africa balcooa has gained popularity. Globally, the 
species serves as a good source of nutritious food consumed in most regions of Asia and China, 
especially in rural areas (Ray and Ali, 2016). Due to its nutritional value, there has been a growth 
in bamboo food production industries and the bamboo pickle industry (Sharma and Sarma). In 
ancient times, this species was only popular with rural communities as a source of food and as a 
poor man’s timber, but recently industries are encouraging cultivation of balcooa bamboo species 
for various food products for wider consumption.  
Studies have indicated that the species has the potential to grow up to 25 meters in most favourable 
environments under tropical humid climatic conditions (Upreti and Sundriyal, 2001), and in moist 
alluvial flat environments with altitudes of 1500 m above the sea level (Sharma and Sarma). 
Cultivation of this species has the potential to improve climatic conditions because of its high 
potential for carbon sequestration which can be used to ameliorate anthropogenic negative effects 
on the environment. It can be cultivated worldwide to improve climatic conditions by reducing 
carbon dioxide concentrations of up to 17 tons per year by a hectare bamboo plantation 
(Seethalakshmi et al., 2009). This can also improve air quality, oxygen concentrations and reduces 
air pollution (Seethalakshmi et al., 2009). Moreover, agricultural industries have adopted 
cultivating the species as a means of reducing high wind velocities that affect cultivated crops by 
causing lodging and fruit drops before fruit maturity. It also has the potential for improving soil 





There have been studies aimed at developing effective propagating techniques for Bambusa 
balcooa that allow optimum growth, plant tolerance to various conditions and diseases that also 
promotes growth at a fast rate for sustainability (Negi and Saxena, 2011). In South African 
nurseries, rhizome cuttings and culm cutting are the main propagating techniques.  
However, several concerns include the difficulty in transporting the propagating material and the 
bulkiness of the material. This has initiated the development of in vitro propagation (micro 
propagating through tissue culture) in order to promote sustainable production to meet market 
demands (Amlani et al., 2017).  
2.4.2 Sweet bamboo (Dendrocalamus asper) 
Economic and environmental factors play an essential role in the extensive bamboo cultivation 
throughout the world. For industries, the high return for bamboo plantations has changed 
perspectives causing a switch from other products to bamboo cultivation. Among the most, 
cultivated bamboo species on a commercial scale is Dendrocalamus asper (Schult.) Backer, a 
tropical sympodial bamboo with a pachymorph rhizome (Figure 2.7), native to Southeast Asia 
and Indonesia (Chandramouli and Viswanath, 2012). It comprises various cultivars which are 
important for the production of different products (Sujarwo et al., 2015). This species is used 
extensively for the reclamation of many previously abandoned agricultural lands. Lands 
previously cultivated with Dendrocalamus bamboo species are now protected and properly 
managed due to new industrial interest and high returns for growing the crop (Chandramouli and 




Figure  2.7 Pachymorph rhizome of sweet bamboo (Lahr et al., 2015) 
Sweet bamboo has been introduced to the African continent and has been cultivated extensively 
in countries like Madagascar, the Democratic Republic of Congo, Kenya and Ghana. There is no 
information indicating its cultivation in South Africa. However, tropical regions in South Africa 
like northern KwaZulu-Natal, Limpopo and the Eastern Cape could have suitable climatic 
conditions for the cultivation of sweet bamboo.    
Sweet bamboo is a worldwide accepted species, as a source of nutritious food to numerous rural 
households (Singh et al., 2012). Its use in the food industry has increased in the past decades 
(Shroti et al., 2012), because of its high crude fibre content in fresh shoots. The fibre extracted 
from the fresh shoots has been used to enhance the fibre content of yoghurt, bread, cheese, and 
the manufacture of pasta products (Felisberto et al., 2017). These products are exported to 
international markets. Felisberto et al. (2017) have also shown that sweet bamboo’s fresh culms 
constitute 16g/100g starch, 79g/100g of fibre and less than 2% lipid content making them a highly 
nutritious food source.   
Sweet bamboo is cultivated through rhizome and culm cuttings for commercial purposes (Shroti 
et al., 2012). However, modern techniques are being developed such as micropropagation using 
in vitro techniques (e.g. tissue culture, protoplast fusion, embryo rescue) (Shroti et al., 2012). 




However, currently it has been evaluated that cultivation of rhizomes as a planting stock gives a 
much better yield and carbon biomass. For example, in a study by (Sujarwo et al., 2015) it was 
concluded that rhizome propagation had much better yield than culm propagation. An efficient 
propagating technique is essential, especially because bamboo’s propagating material is difficult 
to handle, transport is difficult and growth is slow using existing procedures. In addition, factors 
like soil conditions, rainfall, aspect, and altitude are important factors for biomass accumulation 
(Chandramouli and Viswanath, 2012).  
There are other species suitable for South Africa’s sub-tropical environmental conditions like 
Bambusa bambos, and Bambusa nutans, which can be cultivated for large scale commercial 
production. However, due to little available information about the species water use, mechanical 
properties, and plant behaviour, various research projects are being developed to address these 
knowledge gaps. 
2.4.3 Small scale cultivated bamboo species in South Africa  
Other species cultivated in South Africa are Bambusa oldhamii commonly known as giant timber 
bamboo, Dendrocalamus hamiltonii and Berg bamboo (Table 2.2). The latter is scientifically 
known as Thamnocalamus tessellatus and is endemic to South Africa and to the high mountains 
of Lesotho and Swaziland. 
This species is the only African bamboo having the ability to grow in other parts of the world due 
to its hardiness. Apart from the Berg bamboo, each of the species mentioned above is 
commercially cultivated in South Africa, mostly in the Eastern Cape and KwaZulu-Natal. They 
are being grown for both industrial and ecological uses. Industrial uses include construction, 








2.5 Bamboo market in South Africa  
In recent years, most African countries excluding South Africa, have engaged in working with 
the International Network for Bamboo and Rattan (INBR) to develop the market, establish large 
scale plantations and industrial processing in order to manufacture various bamboo products 
(Scheba et al., 2018). The bamboo industry and research in South Africa are still developing 
(Figure 2.8) with small exports to international markets. Most of the bamboo plantations, 
especially giant bamboo ‘Bambusa balcooa’, grow naturally in the Eastern Cape, South Africa 
and about 13 million tons are exported to India and China industries for processing (Dunbar, 
2018). The species is also economically important for paper pulp manufacturing industries 
(Dunbar, 2018).   
There are also various South African industries and societies that promote bamboo cultivation 
and use the plants to manufacture various products to meet market demands (e.g. Bamboo 
Revolution is an industry that produces bamboo watches). It also has the potential to provide an 
environmentally friendly alternative to single use plastic and polystyrene as the products of 
processed bamboo are 100% biodegradable (Nurul Fazita et al., 2016). In addition, bamboo 
products such as flooring, furniture, charcoal and plywood are increasing in popularity. The 
Eastern Cape Development Corporation (ECDC) is a society promoting bamboo cultivation in 
South Africa.  
The domestic market has the potential to increase in South Africa. For example, since bamboo 
plantations can be used to generate energy, industries that supply energy like Eskom can switch 
from the use of coal to a bamboo energy supply (Busani, 2011). 
2.6 SFRA status and exotic bamboo distribution in South Africa  
Since 1875, South Africa have been totally depending on alien forest species to meet up with the 
demand for timber (Van der Zel, 1995). These species have been densely distributed in the 
southern and eastern regions where there is high rainfall. With high rate of distribution, concerns 
over the stream flow reduction on water resources led to the formation of research network that 
aims at assessing the impact of such species on water resources through long term monitoring as 





Figure  2.8 Bamboo activities in South Africa (Scheba et al., 2018).
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Through advancement, studies involving monitoring forest, grassland and other vegetation 
transpiration and evapotranspiration using HRM and meteorological instruments were done.  
Continuous cultivation of different bamboo species in South Africa due to the interest in bamboo 
properties has led to an alarming rate and concern for bamboo invasion just as it has been indicated 
in other part of the world (Canavan et al., 2021). There is very limited information on bamboo 
water-use globally, economic and environmental impact of these species. Therefore, 
understanding of alien taxa is critical in projecting the associated future risks and potential 
impacts of bamboo species in the hydrological cycle and invasions.   
With high population of different types of bamboo species along the coast in South Africa, 
particularly KwaZulu-Natal (Durban) and in the Cape region, this cause a great concern  (Figure 
2.9). Also, as these areas are characterised by high rainfall and temperatures, studies on the water-
use of these species are necessary. Tourism has been predicted as a major factor since many 
varities of bamboo species are used for ornamental purposes and art.  
 
Figure  2.9 Distribution of different types of alien bamboo species in South Africa 
from 1896 to 2017 (Canavan et al., 2021). 
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2.7 Water-use and sap flow quantifying techniques  
2.7.1 Understanding evapotranspiration and environmental effects  
Water is essential for plant growth and development. Plants use water for metabolic activities and 
physiological processes. Therefore, soil moisture is absorbed by plants through fine roots and is 
translocated by the xylem tissue cells to leaves for photosynthesis and carbohydrate or sugar 
synthesis. Absorbed water can then be lost through stomatal openings in plant leaves 
(transpiration) due to changes in environmental conditions. Environmental conditions such as 
warm air temperatures, low relative humidity, soil moisture, wind and light play a crucial role in 
the rate of plant transpiration and soil evaporation (Figure 2.10). Therefore, quantifying the water-
use of different plant species in relation to the environmental and human effect are very important 
aspects in understanding effect of biodiversity on water resources (Schmidt et al., 2009). Then, 
technological practices and techniques that measure and monitor plant water-use are required to 
understand the usage of available water. However, understanding and modelling the water-use of 
different plant species has been a great challenge for decades.  
 
Figure  2.10 Schematic diagram for evapotranspiration (Muhammad, 2018) 
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Both indirect and direct methods have been used to measure transpiration and water-use of tree 
species.  Indirect methods include the micrometeorological measurements of evapotranspiration, 
which can be used to estimate the plant water-use. An alternative approach is the indirect 
estimation of water-use based on of soil moisture balance calculations.  
Major limitations of indirect methods may include factors such as soil type, time of measurement 
and the prevailing meteorological conditions. Therefore, setting up an automatic weather station 
(AWS) can be useful in data interpretation and referencing. However, water-use can also be 
measured directly using stem heat balance (SHB), trunk sector heat balance (THB), thermal/heat 
dissipation (HD), heat field deformation (HFD) and heat pulse method (HRM) techniques  that 
measure sap flux density passing through a point in a stem (Smith and Allen, 1996).  
2.7.2 Effect of bamboo structure on water-use  
The fast growth rate of bamboo species necessitates research on its potential impact on South 
Africa’s scarce water resources. Transpiration rate and evapotranspiration are essential 
components to assess their potential effect on water resources. These components affect the 
available water yield and through the catchment water balance. Therefore, various studies have 
been conducted to understand the effect of different forest species on the local water cycle 
(Tsuruta et al., 2016). However, there is very limited information regarding water-use of 
commercial bamboo species on the local water cycle. Since bamboo is a monocotyledonous grass 
and hollow within the stem structure (Figure 2.11), the vascular tissue arrangement differs from 
other forest species. Metaxylem (Mx) and phloem (P) tissues are not uniform and are located 
within fibre caps at the inner and outer part of the culm wall (Wang et al., 2012). This then makes 




Figure  2.11 a) Cross-section of Phyllostachys pubescens bamboo species b) cross-
section of culm wall showing vascular bundle arrangement and c) 
vascular bundle with metaxylem (Mx), phloem (P) and fibre caps (Wang 
et al., 2012). 
However, the expansion of bamboo plantations is predicted to have an impact on water resources 
in the country, due to their reported high growth rates. Water resource managers are therefore 
concerned regarding the threat that bamboo expansion will have on South Africa’s water security. 
This is, especially true for invasive monopodial bamboo species because of their high potential 
to aggressively spread, forming dense culms and thin rhizomes that extends horizontally under 
the soil surface over long distances to water sources (Tsuruta et al., 2016).  
Sympodial species, with dense and numerous leaf structures, may also be high water users. In 
addition, the continuous rise in temperature due to global warming will increase transpiration. 
Transpiration in various species is a process that has been globally used to measure the amount 
of water uptake by different plant species and to evaluate their effect on the terrestrial water cycle 
(Laplace et al., 2017). It has been reported that bamboo species have higher transpiration rates 
when compared to other forest species (Laplace et al., 2017), however, the quantity of water used 
by bamboo plants differs among species. Also, factors like culm age, rhizome architecture 
(Tsuruta et al., 2016), climatic conditions (rainfall, solar radiation, air temperature, vapour 
pressure deficit and relative humidity), culm diameter (Tsuruta et al., 2016), and soil properties 
(thermodynamic potential) in relation to bamboo high root pressure (Yang et al., 2015) are factors 




A culm of bamboo is characterized by vascular bundles that lack secondary growth and do not 
regenerate after sprouting (Tsuruta et al., 2016; Yang et al., 2015). This characteristic promotes a 
high water uptake by the roots to supply the transpiration system of the plant during the day. A 
matured bamboo plantation has been estimated to have used on average 3.29 mm of water per 
day (Table 2.3) (Kleinhenz and Midmore, 2000). There are various sap flow measuring techniques 
that are used to measure the amount of water utilized by different plant species for growth and 
development.   
Table 2.3 Estimated transpiration of mature bamboo species (Kleinhenz and 
Midmore, 2000). 
 
2.7.3 Measuring bamboo water-use 
2.7.3.1 Granier’s thermal dissipation probe (TDP) 
The thermal dissipation method is a continuous sap flow measuring technique that has been 
intensively used in forest hydrology to measure the amount of water a plant species utilizes (Lu 
et al., 2004). It is used to estimate the stand-scale transpiration of sampled trees and subsequently 
forest water-use. The method has been recommended and therefore adopted globally due to low 
costs and reliability (Yang et al., 2015). For example, in a study by Lu and Chacko (1998) the 
technique was recommended for the young mango trees, in Australia.  
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The technique measures the daily sap flow of trees which can be summed to the total monthly 
and annual transpirations.These values can then be used to justify the water-use of tree species in 
relation to changes of environmental conditions. However, bamboo culm structure and anatomy 
have proven to be the limiting factors in measuring precise water-use due to vascular cells 
arrangement and therefore careful selection of probe lengths in alignment to sapwood area is 
necessary so as to avoid underestimating the actual transpiration (Laplace et al., 2017).   
The TDP system has been considered a sensitive sap flow system, senses the change in sap flux 
density caused by either girdling, excision or defoliation (Lu and Chacko, 1998). Although the 
sap flow techniques have been used extensively in temperate bamboo species, especially those 
with thicker culm structures, little work has been done for tropical bamboo species in measuring 
their transpiration rates (Laplace et al., 2017). Even though not much work has been done for 
tropical bamboo species there is some research which has applied technical instruments like the 
stem steady state heat balance gauge, heat pulse method and stem tissue heat balance system to 
various plant species to measure their transpiration rates.    
2.7.3.2 Stem steady state (SSS) 
A stem steady-state energy balance system is another alternative sap flow measuring technique 
that involves the application of constant continuous heat energy (J s-1) around the portion of tree 
trunk instrumented (Figure 2.12) through a heater and thermocouples that measures energy loss 
both vertically upwards and downwards (as sap passes through) and the heat stored in the tree 
trunk or bamboo culm (Vellame et al., 2010).  
Lascano et al. (2016) indicated that the system has been modified from a wire intensive system 
to a less intensive wiring system, which has a flexible heater and improved thermal contact 
between temperature probes and the tree trunk. The latter system (Figure 2.13) consists of a 
heater, thermocouples, and insulators and can also be used on species with smaller diameters 
(Lascano et al., 2016). The method involves measuring temperature differentials by two 
temperature sensors at different tree stem points in order to calculate the crop transpiration. The 
following equations describe calculation of crop traaspiration using the former and latter system: 





𝑃 −  𝑞𝑎 +  𝑞𝑟 +  𝑞𝑐 + 𝑆 = 0 
2.1 
𝑞𝑎 = 𝑞𝑢 +  𝑞𝑑 
where P (heat flux) applied to the heater, qa is the axial heat loss (W), qr is radial heat loss (W), 
qc is the convective heat loss (W), S being the storage term normally negligible for smaller plants 
(assumed to be zero), qu is the heat along upward path of the heat flow (W) and qd is the heat 
along downward (W). 





where P is the power of heater (W) is calculated from the Ohm’s law using the input emf voltage 
(V) and resistance (Ohms) of the heat. 





where Kst is the thermal conductivity of the stem (W m
-1 oC-1), A is the cross sectional area of the 
stem (m2), dTu and dTd  are temperature gradients (
o C) above and below heater and dx is the 
spacing between thermocouple junctions (m). 
𝑞𝑟 =  𝐾𝑠ℎ  x E 
2.4 
where Ksh is the sheath conductance (W/V) obtained when sap flow rate F is assumed to be 
approximately equal to 0 (at dawn or before sunrise) and E is the output of the thermopile 
𝑞𝑐 =  𝐶𝑝 x 𝐹 x  (𝑇𝑢  −  𝑇𝑑) 
2.5 
where Cp is the specific heat capacity of water (J kg
-1 oC-1), F is the sap flow rate in the stem (kg 
s-1) also equivalent to crop transpiration and Tu and Td are average temperatures (
oC) of sap flow 
in and out of the system.  
Therefore,  
𝐹 = [
𝑃 − (𝐾𝑠𝑡 x A x (
𝑑𝑇𝑢  + 𝑑 𝑇𝑑
𝑑𝑥
) − 𝐾𝑠𝑡  x 𝐸






Figure  2.12 Schematic diagram of former stem flow sensor (Lascano et al., 2016). 
Calculation of crop transpiration using EXO-Skin sap flow sensor (latter system) (Figure 2.13): 
Equation (H) is based on the assumption that all energy losses through conduction are grouped 
into qc calculated from radial thermopile. The axial (qa) and radial (qr) heat losses were combined 
into a single variable (qf) results to valid energy balance. Therefore, qr = qa + qr, then: 
𝑃 =  𝑞𝑐 +  𝑞𝑓 2.7 
Ksh calculates the sheath conductivity (Ksh) assuming F is approximately equals 0, 




dT is calculated from mean temperatures (Ah and Bh) measured with the two thermocouples (type 
T-thermocouple, 0.040 mV oC-1) 
𝑑𝑇 = [
𝐴ℎ +  𝐵ℎ
2
] x 0.040 2.9 
Therefore,  
𝐹 =  [
𝑝 − 𝑞𝑐
𝑐𝑝




where F is the sap flux (kg/s), P is the power of heater (W), qc is convective heat flux (W), Cp is 
the specific heat capacity of water (J/kg. oC) and dT is the average temperature measured with 
two thermocouples (oC). 
 
Figure  2.13 Schematic diagram of EXO-SkinTM Sap flow Model SGEX-13 
(Dynamax Inc., Houston, TX) (Lascano et al., 2016). 
Measurements can be done under steady state conditions by insulating a small stem portion and 
the intact thermocouple sensors from the sunlight and rainfall (Savage et al., 1993). The 
instrument is installed 200-700 mm above the soil surface (Savage et al., 1993), to prevent soil, 
water and insects from damaging the sensor. Water-use of mature bamboo culms can be estimated 
if total leaf biomass and specific leaf area are known. These values can be used to calculate the 
total leaf area and subsequently transpiration rate which are important parameters for estimating 
water-use (Kleinhenz and Midmore, 2000). 
2.7.3.3 Heat ratio method (HRM) 
The Heat Ratio Method is a heat ratio method technique used to measure sap flow. This technique 
has been successfully used worldwide to quantify water-use for different woody plant species and 
has been extensively used by researchers in South Africa (Gush, 2008). The technique uses a 
thermometric device to measure sap flow rates or water-use of woody plant species. The device 
is based on a three-probe configuration and is characterized by two temperature probes 
(downstream and upstream) that are inserted at an equal distance from a heater probe that 
discharges a short pulse of heat (Figure 2.14).  
51 
 
The heat acts as a tracer and is used for measuring the ratio of the downstream to upstream probe 
every sixty seconds following a heat pulse from the heater and this is used to calculate sap velocity 
(Burgess et al., 2001). 
The HRM system was first proposed by Marshall (1958) to calculate heat velocity (Vh) in larger 
plants such as forest species whereas Hogg et al. (1997), developed it to calculate sap velocity (S) 







) 3600 2.11 
where Vh is the heat velocity (cm hr
-1), k is a thermal diffusivity of fresh wood, x is the distance 
of each temperature probe from heater probe (cm) and V1 and V2 are temperature increases in 
upstream and downstream probe (oC) at equidistant points.   








where S is the sap velocity (cm hr-1), Kcw is a thermal conductance, Cw is the specific heat of sap 





Figure  2.14 Schematic diagram of Heat ratio method (Bayona-Rodríguez and 
Romero, 2016). 
2.8 Bamboo sap flow measuring challenges and limitations 
The above thermoelectric technologies have been successfully used in dicotyledonous stems, 
which have a pith at the centre of the stem surrounded by vascular bundles. One of the challenges 
of determining the water-use of bamboo is that bamboo is a monocotyledonous grass species 
having stems with scattered vascular bundles near the outside edge of the stem and no pith region. 
These vascular bundles lack secondary growth and do not regenerate after sprouting (Tsuruta et 
al., 2016; Yang et al., 2015). This characteristic promotes a high amount of water uptake by the 
roots to supply the transpiration system of the plant during the day. By contrast, dicotyledonous 
stems have their vascular bundles in a ring porous. Therefore, the heat ratio methods that have 
been successfully developed to measure the water-use of dicotyledonous tree species, may not be 
suitable for bamboo species.    
Other factors that need to be taken into account when measuring the water-use of bamboo are 
culm age and diameter (Tsuruta et al., 2016), and soil properties (Yang et al., 2015) which can 
affect the water uptake and subsequently transpiration. Since the heat ratio sensors quantify sap 
flow with respect to depth of temperature probes in a stem, it is necessary to determine the 




There is still a gap in understanding the relationship between various bamboo species and the 
hydrological cycle, and how these components affect the quantity and quality of available water. 
This is particularly so in South Africa where bamboo water use has not been determined before. 
Therefore, understanding this relationship is crucial for optimizing the water resources in a 





3. Materials and methods  
3.1 Meteorological station  
3.1.1 Automatic weather station (AWS) 
Meteorological data were required as input for calculations to determine total transpiration and 
interpret sap flow data (Allen et al., 1998). These data were obtained from the automatic weather 
station (AWS), which was installed in a nearby grassland site in August 2018 (Plate 3.1). The 
AWS was placed on a short uniform grassland area to meet the requirements of the FAO 56 
reference evaporation (ETo) calculations (Allen et al., 1998). A Campbell Scientific CR1000 
datalogger recorded the air temperature (CS500, Vaisala Inc., Helsinki, Finland), the relative 
humidity (CS500, Vaisala Inc., Helsinki, Finland), the wind speed and direction (Model 03002, 
R.M. Young, Traverse City, Michigan, USA), the solar radiation (Kipp and Zonen CMP3) at 2 m 
and the rainfall (TE525, Texas Electronics Inc., Dallas, Texas, USA) at 1.2 m. Data from the 
station were downloaded at hourly intervals to the logger linked via a modem to the UKZN AIM 




Plate  3.1 Automatic weather station A) anenometer, B) temperature and RH probe 
shield, C) thermocouple wire, D) NR lite net radiometer, E) solar panel, 
F) datalogger box and G) rain gauge at Shooters Hill, KwaZulu-Natal. 
3.2 Volumetric water content (VWC) 
Soil water content probes were placed at each site to measure the hourly volumetric water content 
(VWC). These measurements coincided with the hourly sap flow measurements of the HRM and 
Dynamax systems. 
At each site, a pit was opened and three Campbell Scientific CS 616 TDR probes, connected to 
channels on the CR1000 data logger, were inserted horizontally at 0.2, 0.4 and 0.7 m, to ensure 
the soil water profile was monitored (Plate 3.2).  
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These consisted of two 0.3 m long stainless rods (wave guides) and electronics designed to 
measure the water content using the time domain frequency technique with a CR1000 datalogger 
(Kelleners et al., 2005).  
The probes were positioned to measure total profile water content from the surface to 0.8 m depth. 
The depth was sufficient to cover the zone of active root water uptake since the species have 
predominantly dense lateral rhizome structures (Kumar and Divakara, 2001). This was confirmed 
by the absence of rhizome structure in deeper soil depths when CS 616 probes were installed 
(Plate 3.2). The sensors were installed within the 10 x 10 m2 study area. 
 
Plate  3.2 Installed soil water  probes (CS 616) for measuring soil water content. 
Total profile water content (equivalent depth of water) was calculated using the sum of the 
volumetric water contents measured at each depth multiplied by the depth of the soil profile to 
quantify the depth of water within the root zone: 
𝑊𝑟𝑧 = 𝜃𝑣1𝑑1 + 𝜃𝑣2𝑑2 + 𝜃𝑣3𝑑3 3.1 
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where Wrz is the total profile water content in the root zone, ɵv1, ɵv2 and ɵv3 are volumetric water 
contents, d1, d2 and d3 are the three soil depths represented by each probe (Evett et al., 2006). 
3.3 Bamboo selection  
In KwaZulu-Natal, the study site was selected at a small commercial farm called Shooters Hill. 
The farm was located at Otto’s Bluff in the uMgungundlovu District Municipality, KwaZulu-
Natal, South Africa. It was approximately 980 m above sea level. Approximately 10 ha had been 
planted with bamboo including at least 15 different species (Plate 3.3). The site had reasonable 
security; this was essential due to the high value of research equipment installed. Two commercial 
cultivated species namely Bambusa balcooa var. balcooa and Bambusa balcooa var. beema were 
selected for the study. 
 




3.4 Eucalyptus grandis (eucalyptus) selection  
The Shooter’s Hill farm comprised of other land uses such as grassland and Eucalyptus grandis 
plantations. To enable comparative measurements of other species, a healthy stand of three-year-
old eucalyptus trees were identified and selected for monitoring water-use. In the 10 x 10 m2 plot 
(within the eucalyptus plantation), diameters at breast height (DBH) from a total of 16 trees were 
measured.  
Four trees with diameters of 118, 97, 121 and 116 mm were selected with respect to diameter size 
distribution to represent different diameter class sizes and these were instrumented with the HRM 
equipment.  
The planting density of these trees was 3 x 3 m2 and this was important for upscaling the total 
water-use in the larger compartments. Eucalyptus trees were instrumented from November 2018 
to February 2020 with the HRM system to monitor the hourly sap velocity for later calculation of 
the water-use. In the Eucalyptus plantation, a total of 16 trees within the 10 x 10 m2 were 
monitored and their diameter at breast height measurements were taken using diameter tape to 
study the radial increment. These values were used to support water use measurements with 
respect to trees growth.   
3.5 Acacia mearnsii (wattle) selection  
Four invasive wattle trees, with the diameters of 111, 133, 117 and 103 mm were identified within 
the beema plantation since there were no suitable commercial wattle plantation at Shooter’s Hill. 
The selected wattle trees were estimated to be three-years-old (i.e. established at the time of 
planting of the beema bamboo). Their stem diameters were recorded and monitored monthly from 
April 2019 to January 2020. The DBH of the selected trees varied from 103 to 133 mm and were 
considered suitable for understanding the water-use of different size classes for subsequent 
upscaling to an “estimated” stand transpiration. Selected trees were then instrumented with the 
HRM system as described in section 2.6.3.3. The stand density was to 2222 trees ha-1, and was 




3.6 Experimental design of the Beema and Balcooa sites at Shooter’s Hill farm 
At each site, a 10 m x 10 m plot was marked out to include representative plants and to avoid 
potential edge effects (Figure 3.1). To quantify (scale-up) the water-use of these multiple 
stemmed species it was necessary to measure the diameter of each culm of each clump. Vernier 
callipers were used to record the diameter of each of the culms of each bamboo clump (Plate 3.4).  
 





Plate  3.4 Measuring the culm diameters in the 10 X 10 m study plot with Vernier 
callipers. 
3.6.1 Bamboo culms, eucalyptus, and wattle tree growth monitoring 
Bamboo is recognised to have a very fast growth rate and therefore it is being promoted in South 
Africa to address the problem of fuel shortage, deforestation, and sustainable timber and as part 
of rural agricultural development (Gupta and Kumar, 2008). However, there is little information 
on the growth characteristics of the different species grown under the different climatic conditions 
in South Africa. The aim of the growth study experiments was to determine the growth of balcooa 
and beema at Shooter’s Hill in KwaZulu-Natal. Similar data from the commercial trees such as 
eucalyptus and black wattle were also considered essential to provide comparative data of the 




3.6.1.1 Growth of Bambusa balcooa var. beema  
At the Bambusa balcooa variety beema study site a total of 21 bamboo clumps in a 10 x 10 m 
plot were included in the growth study. A total of 251 culms were tagged and the DBH was 
measured with Vernier callipers. Measurements were taken at the start of the study on 13th of 
August 2018, and at the end of the study on 3rd February 2020 (Plate 3.4). 
The selected Bambusa balcooa variety balcooa study site had one clump within a 3 x 2 m plot 
and 72 bamboo culms. This was used for the growth study. Bamboo culms were measured at the 
beginning of the study using Vernier callipers on the 24th August 2018 and at the end of the study 
on 26th February 2020. 
3.6.1.2 Growth of eucalyptus and wattle   
The diameters of four selected eucalyptus trees were recorded at the start of the study and 
subsequently monthly stem diameter measurements were taken. This was important in 
understanding the rate of tree growth and in predicting the growth of the heartwood for calculating 
the sapwood area for the HRM water-use measurements. The measurements were taken at the 
tree section where probes were installed. A similar approach was applied to the wattle trees.  
3.6.2 Leaf area index (LAI) 
Using a LI-COR LAI 2200 plant canopy analyser, leaf area index (LAI) measurements were 
collected from the balcooa, beema, eucalyptus and wattle sites. This provided an understanding 
of growth with respect to canopy cover and was an important variable regarding plant water-use 
(Jordan, 1969). A 45o view cap was used in measuring the LAI data. The view cap selected was 
appropriate for blocking sunlight penetration caused by the planting spacing between clumps and 
to prevent the operator from blocking the sensor view. 
Monthly measurements were performed to estimate the LAI from April 2019 to February 2020. 
However, owing to a calibration problem with the analyser, only the values from April to 
September 2019 are shown. The procedure involved taking one clear sky reading (the “above” 
measurement) and four below canopy measurements (“below” canopy) in a sequence 
programmed to give four replications per LAI measurement. 
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3.7 Bamboo anatomy  
Fresh beema and balcooa culms were harvested at Shooter’s for bamboo anatomy analysis. This 
was done also to assess the pattern and distribution of vascular bundles in bumboo culms. These 
were stored in the ziplock reusable plastic sealer bags to keep out from mould and stored in a 5 
oC laboratory fridge. The sample preparations were done within 24 hours after harvest. 
3.7.1 Sample and blocks preparation  
One square millimeter sections were cut (using stainless blade) from the wall of selected bamboo 
culms harvested at Shooter’s Hill, KZN (Plate 3.5). The samples were then fixed in 3% 
glutaraldehyde overnight to preserve quality and inhibit desiccation. A 0.05 M sodium cacodylate 
buffer was then used to wash the sample thoroughly by immersing twice for 30 minutes. The, 
samples were fixed with 2% osmium tetroxide (7:3 ratio of 2% osmium tetroxide and 0.05 M 
sodium cacodylate buffer) and left overnight. Samples were then washed in a 0.05 M sodium 
cacodylate buffer sample by immersing twice for 30 minutes. 
The sodium cacodylate was then extracted using a Pasteur pipette and samples were dehydrated 
with 30% ethanol for 20 minutes then left overnight in 50% ethanol. The 50% ethanol was 
extracted using a Pasteur pipette and samples were dehydrated with 70% ethanol for 10 minutes, 
90% ethanol for 15 minutes, and 100% ethanol twice for 15 minutes each time, 100% propylene 
oxide for 15 minutes subsequently and 100% propylene overnight. Propylene was then extracted 
using a Pasteur pipette and samples were immersed in a 1:1 Spurr’s resin (a low viscosity 
hydrophobic resin that contributes to its penetration in plant tissue) and propylene oxide for 60 
minutes. Samples were immersed in 100% Spurr’s resin twice for 120 minutes then immersed in 




Plate  3.5 Anatomical structure of bamboo stem (Li et al., 2015). 
3.7.2 Sample blocks trimming and viewing  
A LKB 7800 knife-maker was used to make glass knives to cut the cured sample blocks into 
smaller blocks of approximately 60 mm2 and 1 mm thick for trimming the samples into slices for 
analysis. The prepared blocks were then trimmed using an Ultramicrotome (Reichert-Jung 
Ultracut E) into approximately 0.03 mm thinner segmented pieces. Sectioned segments of the 
samples were then transferred into a drop of water on a glass slide to hydrate. Using a heater 
stirrer plate, the slide was warmed to evaporate the distilled water. Then 0.1 % Toluidine blue 
was used to stain the sample for 10 seconds after which it was washed through with distilled 
water.  
The slide was reheated to drive out the stain and viewed and captured using a Nikon DS-Ri1 high 
resolution camera microscope at different magnifications and an Olympus AX 70 fluorescence 
microscope through Nikon NIS software version 4.1.
3.8 HRM water-use measurements at Shooter’s Hill farm   
The HRM system consisted of an 18-gauge hypodermic needle, with a 1 cm constantan wire 
heater at the distal end. The needle with the heater was 1.8 mm in diameter and 35 mm long. The 
needle heater was inserted into a 2.5 mm outside diameter brass tube, which was inserted into the 
sapwood area. The thermocouples, made of type T copper-constantan, were embedded in PTFE 
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tubing (outside diameter 2 mm) and were equidistant (5 mm) from the central needle heater (Plate 
3.7). They were inserted to the predetermined depths of in 2,4,6 and 8 mm in the beema and 4,6,8 
and 10 mm in the balcooa. The depths were determined based on the full sapwood depth of the 
bamboo culms.  
A single culm installation consisted of four pairs of probes (with each pair consisting of a needle 
heater and an upper and lower thermocouple), which were inserted radially to varying depths in 
the stem. The system was controlled, and data were collected using a CR1000 data logger 
(Campbell Scientific Inc., Logan, Utah, USA) connected to an AM 16/32B multiplexer (Campbell 
Scientific Inc., Logan, Utah, USA). This system was programmed to measure the hourly sap flow 
velocity. 
The selected plants were monitored over an18-month period (September 2018-February 2020), 
allowing for an understanding of the seasonal variations in bamboo water-use. To ensure that the 
data were not affected by outside variables, such as incoming solar radiation or heat loss, 
insulation foam was placed around the line heater and temperature probes, which also assisted in 
holding the probes in place. 
Sensors were connected to CR1000 data loggers and multiplexers which were housed in a locked 
logger enclosure. Batteries to power the system were placed in safe boxes for security (Plate 4.8). 
3.8.1 Assessing the culm area of beema and balcooa culms  
In order to understand the relationship between culm diameter and the hollow diameter for 
installing HRM instrumentation a survey was undertaken of cut culms that had been harvested 
for use by the farmer. Vernier callipers were used to record the diameter and hollow diameter of 
each of the culms (Plate 3.6).  These measurements (Table 2.1) were done to estimate the culm 
wall depth for installation of the HRM probes. For the Beema plants no significant relationship              
(R2 = 0.22) between culm diameter and hollow diameter was found (Figure 3.2).  
The data indicated an almost constant hollow diameter size of approximately 11.5 mm with a SE 
of ± 0.5 mm. These data were therefore used to estimate the HRM thermocouple probe insertion 




Table 3.1 Stem diameters and areas of Beema and Balcooa bamboo at Shooters Hill, KZN. 
Bamboo 
sp. Culm diameter (mm) Culm area (mm2) Hollow diameter (mm) Hollow diameter (mm2) Actual bamboo area  
Beema  56 2461.8 12 113.0 2348.7 
Beema  52 2122.6 12 113.0 2009.6 
Beema  51 2041.8 12 113.0 1928.7 
Beema  51 2041.8 11 95.0 1946.8 
Beema  49 1884.8 14 153.9 1730.9 
Beema  49 1884.8 12 113.0 1771.7 
Beema  47 1734.1 14 153.9 1580.2 
Beema  46 1661.1 12 113.0 1548.0 
Beema  45 1589.6 12 113.0 1476.6 
Beema  43 1451.5 14 153.9 1297.6 
Beema  42 1384.7 12 113.0 1271.7 
Beema  42 1384.7 11 95.0 1289.8 
Beema  41 1319.6 11 95.0 1224.6 
Beema  26 530.7 13 132.7 398.0 
Beema  25 490.6 15 176.6 314.0 
Beema  23 415.3 5 19.6 395.6 
Beema  22 379.9 5 19.6 360.3 
Beema  22 379.9 10 78.5 301.4 
Beema  22 379.9 11 95.0 285.0 





Balcooa  130 13266.5 105 8654.6 4611.9 
Balcooa  130 13266.5 41 1319.6 11946.9 
Balcooa  122 11683.9 78 4775.9 6908.0 
Balcooa  121 11493.2 102 8167.1 3326.0 
Balcooa  118 10930.3 92 6644.2 4286.1 
Balcooa  115 10381.6 102 8167.1 2214.5 
Balcooa  113 10023.7 94 6936.3 3087.4 
Balcooa  111 9672.0 89 6218.0 3454.0 
Balcooa  111 9672.0 86 5805.9 3866.1 
Balcooa  110 9498.5 70 3846.5 5652.0 
Balcooa  108 9156.2 58 2640.7 6515.5 
Balcooa  107 8987.5 83 5407.9 3579.6 
Balcooa  102 8167.1 82 5278.3 2888.8 
Balcooa  102 8167.1 52 2122.6 6044.5 





Plate  3.8 HRM installation in the balcooa clump at Shooter’s Hill. 
HRM probes were installed initially at 2, 4, 6 and 8 mm for beema and at 4, 6, 8 and 10 mm for 
balcooa and these were located to represent four different concentric rings of the conducting area. 
When 3-month data was collected, all probes for beema were repositioned to 6 mm following sap 
data assessing which showed very low sap flow in the other respective depths. This was necessary 
for up-scaling the water-use of a single stem to the whole plant, as sap velocities can vary radially 
across the xylem and with variation in culm circumference.  
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However, there was no prior information on which to base the approach (as bamboo represents a 
completely different anatomy to normal trees with heartwood), and it was necessary to adjust the 
probes depths once a time-series of sap velocity data was analysed. The data collected from the 
HRM system was also analysed using information described in Table 8.1. 
 
Plate  3.9 Safe boxes for batteries (grey boxes) and the logger enclosure (white box) 
in the Beema site. 
3.8.3 Water-use of Eucalyptus grandis (eucalyptus) 
Four three-year-old Eucalyptus grandis trees were instrumented with HRM systems for 
monitoring sap-flow (Plate 3.10). The probes were initially inserted to 5, 15, 25 and 35 mm. When 
10-month data was collected, probes at 25 mm and 35 mm were relocated at 15 mm and 20 mm, 
respectively due to growth in the heart wood resulting in very low or no sap flow data. Three 
CS616 probes were added to the eucalyptus site as described in section 3.2 to determine soil water 
content. The data collected provided comparative estimates with the bamboo water-use under 




Plate  3.10 Eucalyptus plantation at Shooter’s Hill, KwaZulu-Natal. 
3.8.4 Water-use of Acacia mearnsii (black wattle)  
Four three-year-old wattle trees were selected within the beema plantation site and were 
instrumented with HRM systems at 5, 15, 25 and 35 mm for monitoring sap-flow (Plate 3.11). 
No additional CS616 probes were installed around the wattle at the site as the wattle trees were 
within the beema site. It was assumed that the difference in water content between the beema and 
wattle plants was therefore the same on average due to their proximity to each other. The, the soil 
water content data collected from the beema plantation was therefore presumed to be the same 
for the solitary wattle trees within the beema plantation (Plate 3.11). 
  
Plate  3.11 Black wattle trees at Shooter’s Hill, KwaZulu-Natal. 
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3.9 Stem steady state (SSS) 
Bamboo sap velocity was monitored using HRM and SSS sensors to assess whether HRM can be 
used as an alternative technique in monitoring the water-use of bamboo species. This would be 
beneficial as the SSS sensor have a high cost of maintenance, high system power consumption, 
are expensive, are difficult to install and are not easily serviceable in the field.  
The Dynagauge collar is a precision thermodynamic electronic sensor that measures water flow 
rates and the accumulated daily totals of water lost through transpiration. The sensor is designed 
to convert transpiration to a mass flow rate when ancillary plant data (e.g. stem area) are combined 
in the logger software (i.e. the data are in g hr-1) (Savage et al., 2000). The stem gauges have soft 
foam insulation that surround the electronics. The units were installed on a stem having an axial 
length of at least the gauge height.   
One Dynamax Flow 32-1K sap flow system with a Flow 32B-1K expansion unit having the 
capacity to monitor 16 gauges (Dynamax, Houston, TX, USA) was installed at the Beema site in 
KZN (Table 3.3). At the Balcooa site, a single Flow 32-1K Sap Flow Base System was installed 
with two SGA100 gauges with diameters of 98.6 and 99.4 mm.  
Each of these systems, which is comprised of a CR1000 data logger and an AM16/32B 
multiplexer (Plate 3.12) were powered by two 12V 100Ah RR2 deep cycle batteries, installed in 
high-security safe boxes to prevent theft. 
A voltage control unit regulated the voltage output depending on the number of collars and the 
size of the collars. The specification of the gauge diameter is the determining factor for the 
selection of a gauge. Thus, at both the Beema and Balcooa sites culms with matching diameters 
to the gauges were selected from the growth survey data.   
At the Beema site the selected gauges included one SGA70, six SGA50s, one SGA 40, four 
SGB25s, three SGEX25s and two SGB19s (a total of 16 gauges). At the Balcooa site two large 
SGA100 gauges were installed. The mechanical specifications of these gauges and the gauges 




Plate  3.12 The wiring of the Dynamax system with a CR1000 data logger and 


















(mm2) Kst dTmin Ksh 
Enclosure 1: Base  
1 SGB 50 51.5 25.1 186.5 0.28 0.2 0.8 
2 SGB 50 52.5 26.9 186.5 0.28 0.2 0.8 
3 SGB 50 49.0 25.3 186.5 0.28 0.2 0.8 
4 SGB 70 67.0 20.6 636.0 0.28 0.2 0.8 
5 SGB 50 50.0 25.4 186.5 0.28 0.2 0.8 
6 SGB 50 47.5 26.4 186.5 0.28 0.2 0.8 
7 SGB 50 50.0 26.4 186.5 0.28 0.2 0.8 
8 SGA 40 36.5 39.7 114.4 0.28 0.2 0.8 
Enclosure 2: 8 Gauge 
expansion  
9 SGB 50 48.0 41.7 41.3 0.28 0.2 0.8 
10 SGEX 25 26.0 41.2 41.3 0.28 0.2 0.8 
11 SGEX 25 22.5 39.5 41.3 0.28 0.2 0.8 
12 SGEX 25 27.0 41.7 41.3 0.28 0.2 0.8 
13 SGEX 25 26.0 41.0 41.3 0.28 0.2 0.8 
14 SGB 19 18.5 64.7 20.1 0.28 0.2 0.8 
15 SGB 19 20.0 62.7 20.1 0.28 0.2 0.8 
16 SGEX 25 26.0 41.1 20.1 0.28 0.2 0.8 
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Table 3.3 Mechanical specifications of the Dynamax gauges used at the Beema site. 




(mm) Stem diameter (mm) 






   Min. Typ. Max.    
Stem flow gauge  
SGA9-ws 180 8.0 9.0 10.0 4.0 4.0 0.1 
SGA10-ws 180 9.5 10.0 13.0 4.0 4.0 0.1 
SGA13-ws 180 12.0 13.0 16.0 4.0 4.0 0.2 
SGA16-ws 200 15.0 16.0 19.0 4.0 4.5 0.2 
SGA19-ws 250 18.0 19.0 23.0 5.0 4.5 0.3 
SGA25-ws 280 24.0 28.0 32.0 7.0 4.5 5.0 
Trunk flow 
gauge  
SGB35-ws 460 32.0 41.0 45.0 10.0 6.0 0.9 
SGB50-ws 505 45.0 50.0 65.0 10.0 6.0 1.4 
SGB70-ws 610 65.0 70.0 90.0 13.0 6.0 1.6 
SGB100-
ws 660 100.0 110.0 125.0 15.0 8.5 4.0 
SGB150-





3.9.1 Preparation of bamboo culms for Dynagauge installation 
Normal trunk preparation requires a reasonably smooth stem since good thermal contact is key 
to obtaining the temperature of the xylem and heat flow into the xylem. In general, the least 
amount of disturbance is best and for bamboo, this was easily facilitated by the already smooth 
shiny outer surface of the culm which obviated careful sanding of any loose or rough bark. 
Another advantage of bamboo is that the culm diameter is essentially constant in the first few 
meters from the base, making the selection of the median diameter relatively easy.  
Once the culm position was selected for a suitable gauge, the culm was cleaned to remove any 
dust and grit and then sprayed around the circumference with Canola release spray in the region 
of the expected heater position to prevent the sensor sticking to the stem and to prevent damage 
to the gauge due to daily expansion and shrinkage of the stem (Plate 3.13). 
 
Plate  3.13 Preparation and installation of the dynamax collars. 
During installation the following precautions were made:  
 The gauge was orientated in the correct direction to measure flow  
 The gauge was the correct size to prevent damage to the components  
 The heater strip was carefully tucked inside the insulation foam 




𝑞𝑟 =  𝐾𝑠ℎx 𝛥𝑇𝐶ℎ 3.2 
where ΔTCh is the temperature difference measured in channel Ch. 
After computing P and qv  to the usual sap flow computation, the thermopile signal ΔTCH (mV) 
was divided into the remaining heat flux. The minimum apparent Ksh value was obtained at a 
minimum flow rate, the zero-set point. Each of the Dynamax sensors were then calibrated and 
the Ksh was updated.  
3.9.3 Data output 
The data output from the Dynamax systems is in g hr-1 (using the specific heat of water). The 
conversion to L day-1 is as follows:   






 Convert ƛ ET (W m-2) to ET (mm day-1) where ƛ = 2454000 J kg-1 : 
𝑥
245400
 x 3600 3.4 
 1 kg m-2 of water is equal to 1 mm  
 Therefore, sap flow is in mm.hr-1 × area of the stem provides L hr-1  
 Summed for the day provides L day-1. 
3.10 Transpiration coefficient (Kcb) 
Transpiration coefficient refers to the ratio of measured crop transpiration (Tcrop) over  reference 
grass evapotranspiration (ET0), when transpiration is not limited by soil water. It is denoted as 
Kcb (Kang et al., 2003). The Kcb is affected by the crop characteristics, management practices 
and environmental aspects (Savva and Frenken, 2002). Other factors may include ground cover 
and planting density. Mature crops are characterised by Kcb  > 1 (Allen et al., 1998).  
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The purpose of calculating the crop coefficient lies in its effectiveness in irrigation planning 
and design as well as management (Savva and Frenken, 2002). In this study, Kc was calculated 
for crop water demand modelling. Transpiration coefficient was calculated as:  




where Tcrop is the transpiration of the crop (mm day
-1), Kcb transpiration coefficient 
(dimensionless) and ET0 is the reference grass evapotranspiration (mm day
-1). 
3.11 Root mean square error (RMSE) 
RMSE refers to the standard error of the residuals, a measure of relationship between the actual 
data from the regression line (best fit). This was used to validate the relationship between SSS 








where n is the number of observations, y  is the actual y variable (mm) in the data set for a 
given x, ŷ is the estimated y variable (mm) and i is an index. 
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4. Results  
4.1 Meteorological data  
From September 2018 to March 2019, daily total incoming solar radiation increased markedly 
from 15 to ~ 28 MJ m-2 especially in January-February 2019 (summer) when most days 
exceeded 25 MJ m-2 (Figure 4.1). High incoming solar radiations were accompanied by high 
VPD values that exceeded 2 from early spring to late summer. Most highest VPD values ~ 3.0 
were recorded in spring-early summer as oppose to mid-late summer. However, in mid-summer 
(22nd January 2019), when maximum reading of incoming VPD was ~ 2.2, solar radiation 
reached 27 MJ m-2 at Shooter’s Hill (Figure 4.1). By contrast, in winter (May-August 2019), 
when solar angles were lower, the average minimum incoming solar radiation and VPD 
recorded were 13 MJ m-2 and ~ 1.2, with a few clear warm days reaching 16 MJ m-2 (Figure 
4.1). The lowest incoming solar radiation and VPD recorded were ~ 2.4 MJ m-2 and 0.09 on 
21th May 2019 on a cold cloudy winter day. 
 
Figure  4.1 Daily total incoming solar radiation and mean vapour pressure deficit 
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81 
 
Average daily air temperatures exceeding 22 oC were regularly recorded from September 2018 
to March 2019 and from September 2019 to February 2020, spring-summer (Figure 4.2) and 
are indicative of the warm summer conditions in the Pietermaritzburg district, coinciding with 
the high daily total incoming radiation conditions (~ 27 MJ m-2) and VPD exceeding 2.0 
described above. Minimum average temperatures of < 20 oC were also noted from May-August 
2019 (winter), with temperatures ~ 15 oC in July-August 2019 (Figure 4.2). 
 
Figure  4.2 Daily average ambient air temperature and vapour pressure deficit 
from September 2018 to February 2020 at shooter’s Hill, KwaZulu-
Natal. 
With an increase/decrease in solar radiation, air temperature also increased/decreased at 
Shooter’s Hill. For example, in August 2019, solar radiation was recorded to be ~ 14 MJ m-2  
increasing to ~ 28 MJ m-2 in November 2019 while average air temperatures recorded in August 
and in November 2019 were ~ 14 oC and 22 oC, respectively (Figure 4.2). During the same 
period, average VPD decreased from ~ 1.3 to 0.8. The decrease of solar radiation from 17 to 
13 MJ m-2 from March-June 2019, air temperature showed a concomitant decrease from ~ 19.1 


































































































































































































recorded summer rainfall was 160.2 mm in December 2019 followed by 151.0 mm in 
November 2019 and 133.6 mm in January 2020 (Table 4.1).  
With the onset of winter, the rainfall ceased with only a few rain events (< 4 mm) recorded 
between June-August 2019. From September 2019, regular rainfall events of > 10 mm were 
recorded (Figure 4.4). During the 2018/19 hydrological year (September 2018 to October 2019) 
853.0 mm was recorded at the site. A further 567.2 mm was recorded for the period from 
November 2019 to February 2020. With a total of 1420.2 mm for the 18-month study period 
the site was therefore considered “wet”. 
 
Figure  4.4 Daily rainfall measured at Shooter’s Hill grassland site from 
September 2018 to February 2020. 
Wind velocity monitored at Shooter’s Hill showed no noticeable or seasonal daily patterns with 
daily average wind speeds generally < 10 m s-1 (Figure 4.5). However, some days experienced 
high wind speeds. For example, in September-December 2018 a high average wind speed of ~ 
8.21 m s-1 (29.6 km hr-1) was recorded (Figure 4.5). On the 13th of November 2019, maximum 
average daily wind was 18.4 m s-1 (66.2 km hr-1). Therefore, the effect of wind speed as a driver 
of transpiration was considered to be small in the assessment of the evaporation rate of the 





































































































































































Figure  4.5 Average daily windspeed measured at Shooter’s Hill grassland site 
from September 2018 to February 2020. 
Table 4.1 Total monthly measurements of realtive humidity, air temperature and 





































































































































































Maximum Mean Minimum Maximum Mean Minimum 
Sep-18 99 76 40 23.3 14.8 9.2 67.2
Oct-18 95 76 47 22.3 15 9 74.6
Nov-18 99 81 52 23.7 16.6 11.1 49
Dec-18 100 86 56 26.6 19.2 14.6 118.4
Jan-19 100 87 58 25.6 18.8 14.3 78.8
Feb-19 100 89 57 26.1 19 14.4 124.6
Mar-19 100 90 61 25.7 19.2 15 126.2
Apr-19 100 90 62 22.6 16.3 12.3 102.4
May-19 97 78 44 22.9 15.4 10.5 7.4
Jun-19 88 62 31 20.8 12.7 6.8 1.6
Jul-19 79 50 22 22.2 13.7 7.2 2.2
Aug-19 93 72 41 22.1 14.3 8.7 14.6
Sep-19 94 68 33 23.7 15.4 9.3 48.8
Oct-19 97 76 42 25.4 16.7 10.8 37.2
Nov-19 99 86 56 25.1 17.5 12.8 151
Dec-19 100 88 63 24.5 17.7 12.9 160.2
Jan-20 100 88 57 26.8 19.6 14.9 133.6
Feb-20 99 87 59 25.9 19.4 15 122.4
Total 1420.2
Relative humidity Air temperature
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4.2 Soil profile water content  
At the Beema site, the equivalent soil water content (SWC) measured at different soil depth 
levels was recorded with the top soil (0-200 mm) > 40 mm from October 2018 to February 
2020. Other SWC values recorded were frequently > 60 mm (January –May 2019) 
corresponding with high rainfall events exceeding 15 mm. From January to May 2019 the water 
contents in the intermediate soil depth (> 300 to < 500 mm) was > 30 mm meanwhile deeper 
soil depths (500-800 mm) were generally > 35 mm and remained wetter than the top soil during 
the dry period (Figure 4.6). In the topsoil low rainfall of < 4 mm recorded from June-August 
2019, resulted in a reduction in SWC from > 80 mm in May 2019 to < 35 mm in July 2019. 
However, from November 2019 to February 2020 peaks exceeding 60 mm were noted with the 
continuous increase in daily rainfall events from ~ 15-40 mm (Figure 4.6). It was also noted 
that from May-November 2019, low rainfall only increased the soil water content  only in the 
topsoil from 19 to 34 mm, while the SWC in the intermediate and deeper depths (>300-800 
mm) remained constant until rain infiltrated, as the rainfall accumulated by the end of October 
2019. It is important to note that the plant available water (water between field capacity (FC) 
and permanent wilting point (PWP)) was not determined through soil characteristics studies, 
which were beyond the resources of this study. Therefore, conclusions on differences in plant 





Figure  4.6 Rainfall and soil water content with respect to soil depth at Beema site, 
KwaZulu-Natal. 
Total soil profile water content (TSPWC) for the 800 mm deep soil profile varied from 60-190 
mm from October 2018 to February 2020 (Figure 4.7). Irregular rainfall events > 15 mm caused 
large fluctuations of ~ 80-190 mm in TSPWC from October 2018 to May 2019. TSPWC of ~ 
190 mm was recorded from February-April 2019, with a total of 353.2 mm rainfall recorded 
during this period (Figure 4.7).  In contrast, the reduction in TSPWC from 160 mm in May 
2019 to < 90 mm from June-October 2019 was associated with the decrease in rainfall from 7.4 
mm in May 2019 (Figure 4.7) to a low of 3.8 mm total rainfall recorded in June and July 2019 
(Table 5.1). Total soil profile water content at the Beema site remained constant at ~ 60 mm 
from September to October 2019 (Figure 4.7) even when a total rainfall of 86.0 mm was 
recorded during this period. Assuming the wetter conditions corresponded with field capacity 
(FC) and driest with permanent wilting point (PWP), the maximum plant available water 
























































































































































































Figure  4.8 Rainfall and soil water content with respect to soil depth at the Balcooa 
site, KwaZulu-Natal. 
Over the study period, total profile soil water content ranged between 80-190 mm in the 800 
mm soil profile at the Balcooa site. For example, TSPWC increased from ~ 122 mm in 
September 2018 to 170 mm in October 2018 when rainfall exceeded 10 mm (Figure 4.9). With 
the cessation of rain in winter (June to July 2019), when only 3.8 mm of rain fell, there was a 
rapid decrease in the TSPWC from 150 mm in May 2019 to < 100 mm in July 2019 (Figure 
4.9). Assuming the wetter conditions corresponded with volumetric water content at FC and 

























































































































































































Balcooa culms had only 4.0 % increase in diameter from a mean of 77.30 ± 14.49 mm to 79.33 
± 14.91 mm, over the same period (Table 4.3). The standard deviation in the balcooa plantation 
was also high showing high variability of culms. When assessing the growth of bamboo and its 
potential for biomass production for rural areas, additional growth parameters such as soil 
nutrition, texture and soil water retention  may be considered.  
 





Table 4.2 Culm diameter measurements (mm) of beema. 
 




Clump 13/08/2018 03/02/2020 13/08/2019 03/02/2020
1 17 20 34.4 36.4
2 9 9 33.4 34.7
3 14 14 33.3 33.5
4 6 6 27.7 23.8
5 19 21 36.1 40.8
6 24 24 42.5 47.9
7 6 9 40.6 42.3
8 5 6 26.7 30.0
9 20 22 38.6 41.2
10 5 7 32.5 35.3
11 1 2 19.0 19.5
12 14 16 35.1 37.2
13 11 12 28.6 31.1
14 7 8 30.9 33.4
15 14 18 40.2 43.1
16 9 11 37.2 40.3
17 8 11 32.9 38.3
18 2 4 32.0 39.8
19 17 24 41.1 66.8
20 2 3 34.8 29.2
21 3 4 37.3 40.5
Total number of culms 213 251
Mean culm diameter 34.0 37.4
Standard deviation 5.56 9.46
Total culms/clump Clump mean diameter (mm)
Clump 13/08/2018 25/02/2020
1 56 63
Mean culm diameter (mm) 77.3 63




The Li-Cor plant canopy analyser was used to estimate LAI for the bamboo plantation, 
Eucalyptus grandis (Eucalyptus) and Acacia mearnsii (black wattle) trees. Data were collected 
from April to December 2019. However, due to calibration problems, only data from April to 
September 2019 was usable. The LAI of a plant canopy is defined as leaf area per unit ground 
surface area (Breda, 2003). It is an important parameter in water-use studies as it is a measure 
of the photosynthetic active area and the area subjected to transpiration.  
Increase in the LAI from 4.8 in the dry winter (April) to 7.2 in early summer (September) 
showed the contribution and effects of moisture and solar energy on beema bamboo growth 
(Figure 5.13). By contrast, approximately 5.2 was recorded in the Balcooa site in April 2019, 
slightly higher than the initial LAI in the beema plantation. The balcooa culms were 
characterised by extensive leaf and culm structure. Therefore, high LAI’s were recorded at the 
beginning of August (> 6.4) in the Balcooa site with a maximum value of 7.0 recorded in 
September when rainfall and temperatures were higher.  
Low LAIs (~ 4.0) were recorded in the eucalyptus plantation in April 2019, compared to other 
land-uses at Shooter’s Hill in the same month (Figure 4.13). Fluctuating LAI were recorded in 
winter, ranging from 3.8-4.8 (April-July) followed by increasing rates of 5.0 and 7.0 from 
August to September, respectively. 
Winter LAIs of ~ 5.0 were recorded in April to June in the wattle trees, and these were 18% 
higher than the value in the eucalyptus. There were similar values between beema and wattle 
since the trees were located within the beema plantation. High summer values reaching 7.0 






Plate  4.1 Cross-sectional layout of beema cellular structures. 
 
Plate  4.2 Anatomical structure of a vascular bundle of beema. 
The 6 x 4 mm2 beema cross-sectional area was viewed under a light microscope and at least 41 
vascular bundles were identified (Plate 4.3). Therefore, the 44.9 mm beema culm harvested at 
Shooter’s Hill had ~ 1163 vascular bundles.  
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The average vascular bundle diameter and the area were ~ 0.03 mm and 42.4 mm2 respectively. 
Approximately, 128 mm2 in the 680.78 mm2 (44.9 mm culm diameter) was occupied by the 
vascular bundles. Most vascular bundles (73%) in the 6 mm thick wall were concentrated 
between the 2-5 mm depth zone (Plate 4.3).  Vascular bundles were compacted towards the 
culm the surface and dispersed deeper in the culm, which was important for identifying high 
sap flow regions within the culm.  
 
Plate  4.3 Cross-section of beema culm and vascular bundles distribution. 
The SEM captured images showed 3-4 vascular bundles in the 1 x 1 mm2 balcooa culm cross-
section (Plate 4.4).  The total number of vascular bundles in the 1 x 1 mm2 in both beema and 




Plate  4.4 Balcooa bamboo culm cross-section. 
 
Plate  4.5 Balcooa bamboo vascular bundle structure. 
There were approximately 33 balcooa vascular bundles identified in the 20 mm2 culm under 
the light microscope. Therefore, the 54.5 mm balcooa culm had at least 2542 vascular bundles 
of which 65% of the 5.3 mm thick culm were located within the 2-4.5 mm depth region (Plate 
4.6). The average vascular bundle diameter and the area were ~ 0.03 mm and 42.4 mm2 
respectively. Approximately, 562 mm2 in the 1848.8 mm2 (54.5 mm culm diameter) were 
occupied by the vascular bundles.  
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An overall comparison of the anatomy of balcooa and beema indicated that balcooa had higher 
number of vascular bundles per mm of culm (46.6) when compared to beema (25.9). 
 
Plate  4.6 Cross-section of balcooa culm and vascular bundle distribution. 
 
4.5 Water-use estimates using the HRM sensors 
Four beema culms were monitored from October 2018 to February 2020. The data were used 
to provide a combined water-use estimate of the beema site based on the four culms monitored 
and the frequency size classes of all the culms (stand-scale transpiration) measured in the 10 m 
x 10 m plot (Figure 4.12).  
High daily sap flows reaching on average 300 L day-1 (average water-use of four instrumented 
culms) were recorded on warmer days in summer for the beema plot (December-March), except 
on cool cloudy days when only ~ 170 L day-1 were recorded (e.g. 15-30 December 2018) 
(Figure 4.15). By contrast, consistently low sap flows < 150 L day-1 were recorded in winter 
(May-July 2019) with a few warmer days reaching 170 L day-1 in July 2019. Increasing sap 
flows from ~ 200 L day-1 to > 300 L day-1 were recorded from September 2019 to February 

















Figure  4.30 Daily sap-flow (mm day-1) of the wattle trees in winter in relation to A) 
solar radiation (MJ m-2) and B) VPD using HRM. 
4.6 Water-use estimated using SSS 
Hourly and daily water-use data were collected for the 25 and 50 mm beema culms diameters 
using SSS from September 2018 to January 2020 (Figure 4.31). The data were used to provide 
a combined water-use estimate of the beema stand based on the six culms monitored and the 
frequency size classes of all the culms measured in the 10 X 10 m (100 m2) plot.  
Higher stand sap flows of > 250 L day-1 were recorded in summer (November 2018 to March 
2019), following low sap flows of ~ 190 L day-1 in spring (September-October 2018) (Figure 
4.31). By contrast, low sap flows of < 170 L day-1 were recorded in winter (May-July 2019) 
with flows approximately 190 L day-1 in the fewer warmer days of winter (May and July 2019) 
(Figure 5.31). Increasing sap flows of > 200 L day-1 were observed in the spring and summer 
season (September 2019 to January 2020) following low sap flows of ~ 80 L day-1 measured in 
July and August 2019. These were then followed by higher rates in spring and summer recorded 


























































































































































































































recorded from the wattle trees using HRM (Table 4.4). Bamboo had low water-use compared 
to other land-uses both in the balcooa and beema plantations, 958 and 657.2 mm, respectively. 
Irrespective of the smaller study area for balcooa compared to beema, the total water use of 
balcooa was ~ 300.8 mm higher at the end of the 12-month period (Table 4.4). Although there 
were fewer balcooa culms (72) compared to the beema culms (215), they had significantly 
higher culm diameters with 56% of the balcooa culms falling into the 30-49 mm size class. The 
higher number of vascular bundles per mm of culm (46.6) when compared to beema (25.9), 
together with the higher culm diameters would contribute to the higher water-use.  
Table 4.4 Total water-use of beema, balcooa, eucalyptus and wattle trees from 
2019/01/01 to 2019/12/31 using HRM and SSS.  
 Total sap flow (mm year
-1)  
Species name  HPV SSS Area measured (m2) 
Beema 657.2 520.0 100 
Balcooa  958.0 1254.8 36 
Eucalyptus  1186.5  144 
Wattle  1122.6  20 
 
The corresponding grass reference evaporation (ET0) was measured to calculate monthly 
transpiration coeffcicient (Kcb) and the average seasonal Kcb. The data collected in the HRM 
and SSS were used to calculate average transpiration which was subsequently used to calculate 
the monthly Kcb for bamboo. In the Wattle and Eucalyptus plantation, only HRM data were 
used to calculate Kcb. In summer, high ET0 exceeding 108.5 mm (November 2019), and as 
expected, higher than the average transpirations of the balcooa and beema plantations of 37.8 
mm and 68.7 mm (Table 5.5). Transpiration in the Eucalyptus and Wattle sites were recorded 
88.2 mm and 66.6 in the same period.  
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Table 4.5 Comparison of the water-use for different land-uses and ET0 at Shooter’s Hill. 
 
 
Timestamp (months ) ET0 (mm)
Beema Balcooa Eucalyptus Wattle Beema Balcooa Beema Balcooa Eucalyptus Wattle
Oct-18 11.79 18.78 40.64 34.15 112.4 0.23 0.24
Nov-18 21.07 36.21 40.92 89.11 113.2 0.36 0.55
Dec-18 26.49 19.55 106.30 95.60 44.48 199.02 117.2 0.38 0.93 0.91 0.82
Jan-19 38.56 40.17 106.76 101.48 49.02 187.52 111.1 0.44 1.02 0.96 0.91
Feb-19 44.89 82.07 103.68 96.58 45.98 129.07 97.6 0.47 1.08 1.06 0.99
Mar-19 53.37 90.00 89.72 96.37 57.11 87.21 99.6 0.55 0.89 0.90 0.97
Apr-19 35.71 52.19 57.69 63.49 24.58 19.25 68.2 0.52 0.77 0.85 0.93
May-19 32.35 48.35 48.78 64.02 29.50 43.50 65.5 0.49 0.70 0.74 0.98
Jun-19 34.66 49.37 43.30 66.60 24.12 29.00 57.4 0.42 0.51 0.75 1.16
Jul-19 35.69 40.45 54.27 72.89 25.26 14.66 71.9 0.35 0.38 0.75 1.01
Aug-19 36.34 38.49 57.94 62.98 16.42 11.32 76.3 0.35 0.33 0.76 0.83
Sep-19 45.13 55.44 75.13 67.96 29.71 57.43 98.1 0.30 0.58 0.77 0.69
Oct-19 48.62 64.87 87.66 80.19 33.01 72.57 126.4 0.38 0.54 0.69 0.63
Nov-19 51.04 62.54 88.22 66.62 24.64 74.78 108.5 0.47 0.63 0.81 0.61
Dec-19 53.40 82.48 90.63 62.25 13.18 99.69 105.5 0.51 0.86 0.86 0.59
Jan-20 53.48 114.04 108.87 85.98 21.47 106.47 122 0.44 0.90 0.89 0.70
Feb-20 34.58 63.02 67.52 39.58 101.9 0.34 0.62 0.66 0.39
Water-use (mm month
-1




There was large difference between water-use measured in the HRM and SSS during 
December-January 2019 (Table 4.5). For example, when 19.55 and 40.17 mm were measured 
in the HRM technique, high sap flows of 199.02 and 187.52 mm were measured in the SSS 
technique. Such high sapflow values might have been caused through running the system 24 
hours daily to determine Ksh which was used in the system program. When Ksh was identified, 
sap flows measured in the SSS were as equal to HRM values. 
Monthly reference evaporatranspiration (ET0) rates were high, exceeding 100.0 mm in most 
summer months with maximum ET0 of ~ 126.4 mm in October 2019 followed by 122 mm 
(January 2020) (Figure 5.39). these values indicated that summer ET0 rates were high, unlike 
in the dry winter (May-July 2019), when low ET0 rates < 72 mm were measured (Figure 4.39).  
Transpiration coefficient (Kcb) in the Beema plantation was high in summer and low in winter 
with values ranging from 0.23-0.55 mm. The maximum Kcb value of 0.55 was recorded in 
March 2019 followed by 0.53 in April (Figure 4.39 A). By contrast, average Kcb of 0.35 was 
recorded suring winter when energy and moisture were limiting transpiration. Balcooa culms 
showed high Kcb approaching 1.0 in summer when there were high rainfalls and incoming 
energy, unlike in winter when only a maximum of 0.51 mm was recorded in June 2019 (Figure 
4.39 B). The lower Kcb recorded during the study period was 0.33 mm in August 2019 (winter), 
except 0.24 recorded in October 2018. Similarly to the balcooa culms, the Kcb in the eucalyptus 
trees were ~ 1.0 mm in summer. Very high average Kcb values of ~ 0.75 were recorded in winter 
indicating high water-use potential of the trees in dry winter season (Figure 4.39 C). 
Transpiration coefficient > 0.7 but < 1.0 were recorded in the wattle trees during summer except 
few months, for example December 2019 when only 0.59 was recorded (Figure 4.39  D). Unlike 
other landuses studied at Shooter’s Hill, wattle trees showed high Kcb values ≥ 1.0 mm in 
winter. Therefore, the above Kcb data indicated that bambo especially beema was more water-





















































































































































































5. Discussion  
The water-use of bamboo is not well understood under South African climatic conditions. 
Therefore, transpiration by the relevant species of bamboo were quantified in South Africa to 
provide a scientific basis to decide on the status of this crop as a streamflow reduction activity. 
Daily and seasonal sap flows at Shooter’s Hill in KwaZulu-Natal were measured to provide an 
annual water-use estimate of Bambusa balcooa var beema and Bambusa balcooa var balcooa. 
This was important to determine the impact of planting bamboo on water resources.  
One of the concerns about the impact of bamboo is that its high growth rate could result in high 
water-use. It was therefore necessary to quantify the growth of bamboo in this study. The 
results showed that there was an increase in the total number of bamboo culms in the beema 
and balcooa plantations. The growth rates of bamboo plantation, according to (Lewis, 2002), 
are as a result of spring and early summer rainfalls,  even though these data and analysis were 
beyond the scope of the current study. The results showed 38 additional beema culms (February 
2020) from the initially 213 culms measured in September 2018. There were 7 additional 
bamboo culms in the balcooa clump after 56 total culms were measured in September 2018. 
These data were also a result of bamboo growth. There was an 8% increase in the beema culm 
diameter following an increase in the diameter from mean 34.0 ± 5.6 mm (September 2018) to 
37.4 ± 9.5 mm (February 2020). Likewise, there was a negligible increase in the diameter of 
balcooa culms from 77.30 ± 14.49 mm in September 2018 to 79.33 ± 14.91 mm recorded in  
February 2020. Increasing number of bamboo culms per unit area in the balcooa and beema 
plantation was assumed to increase the stand total water-use, although assessing this was 
beyond the scope of this study. 
The eucalyptus trees showed an increase in stem diameter from the initial average stem 
diameter (103 mm) measurement taken in April 2019 compared with the final measurement in 
January 2020. However, the Eucalytus growth increased monthly at a rate of 2.0-3.0 mm. The 
wattle trees increased in average stem diameter from 116 mm (September 2018) to  164 mm 
(January 2020). The estimated growth rates of these trees were 3.0-4.0 mm monthly. Low LAI 
values of 4.8, 5.2, 4.0 and 5.0 in the beema, balcooa, eucalyptus and wattle were recorded in 
April 2019 following low rainfalls and energy.  
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However, high LAI values reaching 7.2, 6.8, 6.6 and 6.8 were recorded in the early summer 
(September 2019) when energy and moisture were not limiting the transpiration. There was a 
limited correlation between the high bamboo growth rate and the water-use.  
The water-use of bamboo was closely related to climatic conditions. During the hydrological 
year (October 2018-September 2019) the total rainfall recorded was 748.6 mm (hydrologic 
year) with high rainfall > 15.0 mm day-1 recorded in summer (November-March 2019) and 
temperatures exceeded 26.0 oC. These hot wet conditions resulted in maximum transpiration 
rates in the bamboo plantations. For example, in November 2019, when maximum 
temperatures and monthly rainfall reached 30.1 oC and ~ 151.0 mm respectively, transpiration 
of the balcooa and beema plantations was ~ 6.0 and > 2.5 mm day-1 respectively, using HRM. 
By contrast, a total winter rainfall of only 11.2 mm was recorded from May to June 2019 with 
temperatures < 22.0 oC, resulting in low transpiration rates. For example, when the total rainfall 
and average temperature recorded in June 2019 was 1.6 mm and 12.7 oC (Table 4.1), the low 
average daily transpiration in the balcooa clump and beema plantation was ~ 2.4 mm day-1 and 
< 2.0 mm day-1, respectively. This showed the effect of seasonal climatic conditions in 
controlling the rates of bamboo transpiration.  
Rainfall also had a significant impact on the soil water content which affected transpiration. 
With high summer rainfalls, the total soil water profile contents in the bamboo plantations was 
~ 180 mm, with > 70 mm measured in the shallower depths (0-200 mm). When rainfall 
decreased from 102.4 mm in April 2019 to 7.4 and 1.6 mm between May-June 2019, the total 
soil water-content declined to ≤ 100 mm with a shallow depth soil water content of < 45 mm.  
The soil water content, incoming solar radiation and temperatures were important factors in 
determining the bamboo growth. For example, in summer the LAI values of beema increased 
from 4.8 to  7.2 with the advent of spring rains, which increased from 2.2 mm in July to 63.4 
mm between August and September 2019. During this period (September 2019) incoming solar 
radiation and temperatures reached maximum of 24.8 MJ m-2 and 23.7 oC (September 2019), 
respectively (Table 4.1). Energy and average temperatures recorded in July 2019 were only 
13.9 MJ m-2 and 13.7 oC, respectively (Table 4.1) and this indicated a difference in climatic 
conditions between the spring-summer in comparison to winter seasons. When rainfall, average 
incoming energy and minimum temperatures were ~ 3.8 mm, 13.2 MJ m-2 and 6.8 oC 
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respectively (June-July) in the dry winter, LAI decreased to < 5.0 with transpiration rates 
reduced from 2.5 mm (mid-May) to < 1.5 mm (June-July 2019) in the beema plantation and 
from ~ 3.0 mm to < 2.0 mm in the balcooa clump according to the HRM data. Therefore, 
transpiration and water-use were minimal during winter. 
Daily water-use data of bamboo species measured using HRM and SSS showed related diurnal 
trends in the dry winter and wet summer, and the pattern was comparable in both the balcooa 
and beema plantation. In support of this was a positive correlation (R2 = 0.77 for beema and R2 
= 0.82 for balcooa) and root mean square error (RMSE) of 0.0070 mm day-1 between water-
use measured with both systems for the 3-month period of summer data (January-March 2019) 
where both systems were installed and working (Figure 5.40). Similar results were also found 
in a study by Dierick et al. (2010) , where the water-use data of Bambusa blumeana measured 
with the HRM and SSS methods showed slight differences and it was assumed that position 
differences between the systems affected the results.  
Since the difference in the transpiration data using the different sap flow methods was 
reasonably low, conclusions were derived from the average data collected from both systems 
as this provided a better continuous temporal data series. The daily water-use in the beema 
plantation was 2.0-3.2 mm day-1 in the wet summer and 1.0-1.6 mm day-1 in dry winter, 
respectively. Beema culms transpired twice as much in summer compared to winter, due to 
limiting moisture and energy. Conversely, water-use in the balcooa clump showed a range of 
3.8-6.0 mm day-1 in the wet summer whereas 2.0-2.8 mm day-1 were recorded in the dry winter. 
Therefore, the water-use in balcooa was twice that of the beema plantation under similar 
climatic conditions. These results suggested that the larger culm diameters of balcooa (a giant 
bamboo) resulted in a higher water-use when compared with the smaller beema plants. This 
was supported by the anatomical study where a higher number of vascular bundles were 
recorded per mm of culm (46.6 vascular bundles) when compared to beema (25.9 vascular 
bundles).  
The water-use of the selected bamboo species was compared with the other land-uses at 
Shooter’s Hill, namely eucalyptus and wattle plantations. These data were compared with the 
reference evaporation data collected in the nearby grassland to estimate crop factors.  
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In the wet summer, peak daily water-use in the eucalyptus plantation was ~ 8.0 mm, when 
energy, temperatures and rainfall were high (Figure 5.24). This was significantly higher than 
the daily bamboo water-use (2-3.3 mm). The results also showed that eucalyptus trees were 
using > 2.0 mm day-1 more soil water content  when compared with the balcooa plantation. 
By contrast, in winter the eucalyptus transpiration rates were reaching ~ 4.0 mm day-1 with an 
average daily water-use of ~ 3.0 mm, especially from June to July 2019 (Figure 4.24).  
High water-use in eucalyptus trees was also recorded by Van Lill et al. (1980), in a long-term 
monitoring study conducted in the subtropical Eastern Transvaal (Mpumalanga) in South 
Africa. The study showed high seasonal water-use in the 3-year-old eucalyptus trees, reaching 
260 mm in the wet summer and 130 mm in the dry winter. According to the estimated data, 
eucalyptus trees transpired > 3.0 mm day-1 in summer. A similar study was conducted by 
Albaugh et al. (2013) in South Africa and it was discovered that the water-use in 3-year-old 
eucalyptus trees was exceeding 90 L day-1 or 7.0 mm day-1 in the wet summer and 30 L day-1 
or 2.2 mm day-1 in the dry winter. Therefore, high summer and low winter transpiration in these 
studies supported the water-use estimates measured in the eucalyptus trees at Shooter’s Hill. 
Water-use measured in the wattle trees showed that the maximum summer transpiration was 
higher than the bamboo plantations (~ 5.0 mm day-1) as well as in winter, when transpiration 
rates of > 3.0 mm day-1 were recorded with peak winter  transpiration rates of ~ 3.5 mm day-1 
(Figure 5.28). With less differences in the water-use across the different seasons, transpiration 
rates were considered similar in all seasons. It was also noted that the wattle tree water-use was 
not high compared to the neighbouring eucalyptus trees.  
Other studies of upland wattle plantation water-use conducted in Mistley-Canema Estate 
(Mondi forests), KZN showed high daily total evapotranspiration ~ 8.0 mm in summer using 
the Bowen ratio energy balance system (Dye and Jarmain, 2004).  
Also, Clulow et al. (2011) estimated high daily summer water-use reaching 9.0 mm and 2.2-
2.4 mm in winter using the large aperture scintillometry in 2.5-year-old wattle trees in Mistley-
Canema Estate. Summer evapotranspiration rates measured in these studies were > 4.0 mm 
higher than the water-use measured at Shooter’s Hill which was lower than expected. The low 
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values measured in this study are likely a result of competition and shading from the 
surrounding dense beema culms. 
The water-use of bamboo can be modelled by multiplying the calculated ET0 by a crop 
coefficient, Kcb, which takes into account the difference in ET between the crop and reference 
evaporation. Measured reference evaporation (ET0) was therefore compared with the bamboo 
species and the other land-uses to estimate transpiration coefficient (Kcb), which can be used 
for assessing the SFRA status. Since South Africa is a water scarce country, there was a need 
for the determination of different crops water-use for water allocation and budgeting according 
to the 1998 Republic of South Africa National Water Act (Clulow et al., 2011). The 
determination of Kc comparisons were important for ACRU modelling to decide whether 
bamboo should be considered an SFRA under South African climatic conditions or not. While 
the hydrological modelling of bamboo as a SFRA was beyond the scope of the current study, 
the determination of the Kcb values was a critical component of this process. 
Bamboo transpiration has been previously estimated by Piouceau et al. (2014) in an 
international study that investigated five different bamboo species namely Bambusa multiplex, 
Phyllostachys aurea, Pseudosasa japonica, Bambusa vulgaris and Bambusa oldhamii. The 
associated average daily transpiration values in summer and winter  were 1.0-2.0, 1.7-2.4, 1.5-
3.1, 1.3-3.2 and 1.4-3.5 mm, respectively. It was noted that the values measured at Shooter’s 
Hill were similar to the results of the above study, where daily transpiration values measured 
in the beema plantation reached 3.4 mm day-1 in summer and ~ 1.1 mm day-1 in winter (Table 
4.4).  
The summer daily transpiration values showed that the average Kcb in the beema plantation 
was ~ 0.55 in the wet summer season and 0.30 in the dry winter season with most values 
ranging from 0.35 to 0.52 except for a few minimum values and peaks which were 0.23 
(October 2018) and 0.55 (March 2019), respectively. The data showed that the beema 
plantation had < 50% transpiration when compared to the reference evaporation at Shooter’s 




Likewise, with the exception of two months (January-February 2019) in the seventeen-month 
recording period, the monthly Kcb values recorded for balcooa were < 1. Summer Kc values 
were reaching 0.93 unlike winter where the maximum Kcb was 0.70. 
Contrary to bamboo, high Kcb values > 0.74 were recorded both in summer and winter seasons 
for the eucalyptus and wattle trees (Table 4.5). These data indicated that the species were least 
affected by the climatic conditions. For example, when Kcb for beema and balcooa were 0.35 
and  0.38 in winter (July 2019), Kcb recorded in the eucalyptus and wattle trees were 0.75 and 
1.01 in the same period. These results showed high water-use estimates of eucalyptus and 
wattle trees when compared to the ET0. With Kcb values exceeding 0.90 (January-March 2019) 
in summer, estimated transpirations in the wattle and eucalyptus trees were insignificantly 
different from the estimated ET0.  
The quantification of the water-use of Bambusa balcooa variety beema, Bambusa balcooa 
variety balcooa, eucalyptus and wattle at Shooter’s Hill has shown that under the current 
climatic conditions the bamboo is a more conservative water-user than eucalyptus or wattle. 
This is especially so in winter where the low LAI resulted in minimal water-use. In addition, 
there was a difference in the water use between the two bamboo varieties. The results have 
provided a unique data set that will be used to determine whether bamboo should be considered 
to be a SFRA. 
134 
 
6. Conclusion and Recommendation  
There is still a large gap in understanding the water-use patterns for different bamboo species 
grown in South Africa, in relation to growth rate and their impact on the hydrological cycle. 
Meanwhile, data in this study would be used as an initial step in understanding water-use of 
balcooa and beema bamboo species grown in South Africa and to assess whether there should 
be considered SFRAs under South African climatic conditions. The data aim to assist in 
estimating where bamboo species should be grown on large scales as means of rural 
development, job creation and as an alternative to timber for biofuel, energy and to manufacture 
other industrial products such as paper and clothing. 
The objectives of the current study were achieved. Through anatomical study of beema and 
balcooa bamboo, an understanding of the structure and how vascular bundles are arranged in 
the culm tissue supported in positioning the HRM probes at the appropriate depths. However, 
anatomical research studies and knowledge on the distribution of vascular bundles still remains 
a large gap, but the anatomical survey in this study provided information on how the total 
number of water conducting cells varied with respect to the radial position in the culm. 
With the support of HRM and SSS sensors, the water-use of balcooa and beema bamboo were 
measured for at least a 17-month-period. Results showed the transpiration rates of at least 1.0 
mm day-1 in winter and 2.0 mm day-1 in summer in the beema plantation.  Conversely, more 
than 2.0 mm day-1 and 3.8 mm day-1 were measured in the balcooa plantation in winter and 
summer. These data were supported by the increasing canopy growth incremental increases in 
the LAI values from 4.8 (May 2019 in winter) to 7.2 (September 2019 in spring, towards 
summer) in the beema plantation and 5.2 to 7.0 in the balcooa plantation.  
The comparative study between bamboo species and neighbouring commercial forest species 
such as eucalyptus and wattle showed high water-use exceeding 2.0 mm day-1 in winter and 
reaching 5.0-8.0 mm day-1 in summer in the wattle and eucalyptus plantation. These results 
indicated that bamboo species were more conservative water-users. However, a broad 
understanding through long term monitoring of additional bamboo species water-use and 
impact analysis on water sources remains a gap in South Africa.  
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As with all the data presented here, a full SFRA assessment must be completed using the ACRU 
modelling approach, before any final conclusions can be made on the SFRA status of the beema 
and balcooa bamboo. 
Also, much work is still needed in understanding the water-use from the shooting to harvest 
phase to understand the critical phases when bamboo requires more water for sustainable 
growth. However, the crop coefficient data generated in this study provides understanding 
benchmark of how 3-year-old bamboo species used water compared to reference evaporation. 
The results showed that bamboo species were using at least 40% less water compared to 
reference evaporation and there were also large differences when compared to other land-uses 
such as eucalyptus and wattle trees in terms of their conservative water-use. These results 
contradict the hypothesis of this study which postulated that bamboo species with have high 
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8. Appendix  
Table 8.1 Land-use data for HRM water-use analysis A) beema, B) balcooa, C) 





T1 T2 T3 T4
Sapwood area (cm
2
) 10.7 15.1 24.7 19.2
Sapwood depth (cm) 1.1 1.3 1.5 1.4
Wood density (g m
-3
) 0.81 0.81 0.81 0.81
Moisture fraction 0.29 0.29 0.29 0.29
Bark thickness (cm) 0.05 0.05 0.05 0.05
Overbark diameter (cm) 4.5 5.1 6.2 5.6
Wound width = 4.0
Beema 
T1 T2 T3 T4
Sapwood area (cm
2
) 43.3 46.3 38.7 27.2
Sapwood depth (cm) 2.3 2.4 2.0 1.7
Wood density (g m
-3
) 0.64 0.64 0.64 0.64
Moisture fraction 0.61 0.61 0.61 0.61
Bark thickness (cm) 0.05 0.05 0.05 0.05
Overbark diameter (cm) 9.4 9.6 7.9 6.9
Wound width = 4.0
Balcooa 
T1 T2 T3 T4
Sapwood area (cm
2
) 180.7 189.8 213.7 82.2
Sapwood depth (cm) 4.7 4.0 4.2 3.5
Wood density (g m
-3
) 0.50 0.50 0.50 0.50
Moisture fraction 0.80 0.80 0.80 0.80
Bark thickness (cm) 0.30 0.30 0.30 0.30
Overbark diameter (cm) 15.9 16.3 17.3 10.9








T1 T2 T3 T4
Sapwood area (cm
2
) 150.8 204.8 162.9 120.8
Sapwood depth (cm) 4.0 4.5 4.2 4.1
Wood density (g m
-3
) 0.69 0.69 0.69 0.69
Moisture fraction 0.48 0.48 0.48 0.48
Bark thickness (cm) 0.3 0.3 0.3 0.3
Overbark diameter (cm) 16.6 18.2 16.2 14.6
Wound width = 4.0
WattleD 
